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ABSTRACT
Nitrogen flow in  the fo re s t f lo o r  o f two in te r io r  Alaska black 
spruce (Picea mariana ( M i l l . )  B.S.P.) ecosystems was investigated 
and re la ted  to  environmental constra in ts  unique to  the area, 
s p e c if ic a lly  temperature, m oisture, and organic matter q u a lity  (C/N 
ra t io ) .  Pools examined were NH4 -N, NO3 -N, soluble organic N, to ta l 
(K je ldah l) and residual organic N. Low addition  leve ls  o f high 
enrichment isotope (<1% o f the to ta l nitrogen pool w ith  99 atom 
percent excess ^N ) were used to  describe nitrogen dynamics through 
pools o f selected fo re s t f lo o r  components o f perm afrost-free and 
permafrost-dominated black spruce s ite s .
A th ic k  carpet o f mosses, made up p rim a rily  o f the feather moss 
species Hylocomium splendens (Hedw.) B.S.G. and Pleurozium schreberi 
(B.S.G.) M it t ,  played a v ita l ro le  in  the nitrogen economy o f 
the fo re s t f lo o r .  N itrogen, qu ick ly  immobilized in  the moss layers 
(green, brown) and retained the re , was released very slow ly and 
sequestered in  the fermentation and humus layers ( 0 2 1 +0 2 2 ) where 
most o f the vascular p lan t roots were located. Vascular understory 
^ n  uptake was minimal as was 15m export v ia the s o il so lu tio n .
Periodic m inera liza tion  episodes, more frequent and dynamic at 
the permafrost-free s ite  (where C/N ra tio s  were low e r), were la rg e ly  
re s tr ic te d  to  the moss layers since ava ilable  N pools in  deeper fo res t 
f lo o r  layers incorporated l i t t l e  label over the three year period.
i i i
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I t  proved d i f f i c u l t  to  separate the e ffe c ts  o f r a in fa l l  events from 
th a t o f fo res t f lo o r  temperature flu c tu a tio n s  upon seasonal 
n itrogen dynamics. In the lower layers o f the fo re s t f lo o r  tempera­
tu re  and/or moisture ra ther than organic matter q u a lity  appeared to  
be the overrid ing  fa c to r c o n tro llin g  N flow .
The dominance in  pool size o f NH4 -N over NO3 -N is  discussed w ith  
reference to  current theories o f ecosystem s tra tegy .
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INTRODUCTION
Rationale
Black spruce (Picea mariana (M ill.)B .S .P .)a is  one o f the most 
abundant con ife rs  o f northern North America. I ts  range extends from 
Newfoundland and the northeastern United States west and northwest to  
northwestern Alaska. I t  grows south to  central B r it is h  Columbia, 
southern Manitoba, central Minnesota, southeastern Michigan, and 
Pennsylvania. Although most o f the range is  in  Canada, there are 
important stands o f th is  spruce in  the Lake States, notably in  
Minnesota and Upper Michigan (Fowells, 1965). In in te r io r  Alaska, 
occupying areas o f continuous as well as discontinuous permafrost 
(Viereck and L i t t le ,  1975), i t  is  recognized as the most widespread 
fo re s t type and also the type w ith  the highest frequency o f f i r e  
(Viereck e t al_., 1979). Black spruce fo re s ts , w ith a minor component 
o f tamarack (La rix  la r ic in a  (Du Roi) K. Koch), take up 33.5 m illio n  
ha or 78% o f the to ta l forested area in  in te r io r  Alaska (Hutchison, 
(1967). In terms o f commercial e x p lo ita tio n  o f timber resources, in ­
te r io r  Alaskan black spruce fo rests  compare unfavorably w ith  stands 
located in  more temperate regions o f i t s  range. For example, Barney 
and Van Cl eve (1973) working in  in te r io r  Alaska, estimated above 
ground whole tree  biomass as 16xl02 kg/ha and 24x10^ kg/ha fo r  50 year 
o ld  lowland and upland black spruce stands respective ly . In con tras t,
aVascular f lo ra  nomenclature fo llow s Hulten (1968).
1
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2the same tree  components in  eastern Canadian black spruce stands o f 
comparable age were assessed as 196x10^ kg/ha and 107x10^ kg/ha in 
Ontario (Gordon, 1979) and Quebec (Weetman and Webber, 1972), respec­
t iv e ly .  Although in te r io r  Alaskan black spruce fo rests  are not pre­
sen tly  considered commercially productive fo r  tim ber, they are o f con­
siderable value fo r watershed protection and w i ld l i fe  habita t (Lutz, 
1956; Troth £ t al_., 1976). Therefore, some basic understanding has to  
be gained regarding the ecological con tro ls  th a t are acting on these 
ecosystems, i f  land use managers are to  make informed decisions re­
garding these vast tra c ts  o f land.
The Forest Floor
One o f the most important components and an in tegra l part o f any 
fo re s t ecosystem is  the fo re s t f lo o r  w ith i t s  organic laye rs . The 
importance o f the fo re s t f lo o r ,  not only in  terms o f the mass i t  
contributes to  the overa ll ecosystem, but also as a major reservo ir 
o f organic matter and n u trien ts  and i t s  regula tory ro le  in  most o f 
the functional processes occurring throughout the ecosystem is  now 
well recognized (Bormann and Likens, 1979; Gosz e t al_., 1976).
The physical and chemical ch a rac te ris tics  o f the fo res t f lo o r  
are a natural function o f such facto rs  as c lim a te , vegetation, tim e, 
and topography (Jenny, 1980; Olson, 1963). Organic matter accumula­
tio n  under mature fo rests  may exceed the l iv in g  biomass (Rodin and 
B az ilev ich , 1967) and th is  1s c e rta in ly  true  fo r  black spruce eco­
systems in  in te r io r  Alaska. According to  Barney and Van Cleve (1973)
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3the fo re s t f lo o r  weight exceeds th a t o f the standing l iv e  overstory 
tree  m ateria l by a fa c to r o f a t lea s t fo u r. In more temperate parts 
o f the range o f black spruce, mature fo re s t f lo o r  weight may be only 
s l ig h t ly  higher than tree  biomass (Weetman and Webber, 1972) or lower 
(Gordon, 1979), re fle c tin g  e ith e r c lim a tic a lly  more favorable condi­
tio n s  fo r  decomposition processes (Rodin and B azilev ich , 1967), im­
proved organic matter q u a lity  (reduced decay res is tance), more rapid 
tree  growth ra te  or a combination o f these fa c to rs .
In in te r io r  Alaska, black spruce stands are ty p ic a lly  re s tr ic te d  
to  the poorest q u a lity  s ite s , such as poorly drained, permafrost 
bottomland or north -fac ing  slopes which receive reduced so la r rad ia ­
t io n .  The c o n tro llin g  fac to rs  leading to  the formation o f the th ic k  
fo re s t f lo o r  in  these stands are not thoroughly understood, but 
several lin e s  o f evidence suggest th a t changes in  p lan t cover e ffe c t 
changes in  s o il temperature. At some po in t in  the development o f the 
black spruce stand, regardless o f o r ig in  or s ite ,  a th ic k  and con­
tinuous moss laye r develops provid ing e ffe c tiv e  thermal in su la tion  fo r  
the underlying organic layers (Van Cleve e t al_., 1980; Viereck,
1970a; 1970b). During the summer the upper layers o f the moss/organic 
matter complex become dry through evaporation. Under such conditions 
the thermal con ductiv ity  o f th is  medium is  low, hence warming o f 
lower layers is  impeded. The lower fo re s t f lo o r  horizons gradually 
thaw downward and become wet in  response to  m elting o f seasonally 
frozen laye rs . Following autumn ra ins there tends to  be more
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4moisture in  the surface layers o f the fo re s t f lo o r  in  response to  
lower evaporation rates due to  lower ambient temperatures. When 
the fo re s t f lo o r  freezes a t the onset o f w in te r i t s  thermal conducti­
v i ty  is  increased considerably. Thus, less resistance is  offered to  
cooling o f the fo re s t f lo o r  in  w in te r than to  warming o f i t  in  the 
summer (Brown, 1973; V iereck, 1970a). The th ic k  moss mat, the re fo re , 
seems,to  be p rim a rily  responsible fo r  se ttin g  o f f  th is  negative feed­
back loop , whereby thawing becomes progressively slower in  the s o i l ,  
re su ltin g  u ltim a te ly  in  permafrost form ation. The frozen so il prevents 
water percola tion and the re su ltin g  w etter and colder s o ils  in h ib it  
tre e  growth while favoring fu r th e r moss development (V iereck, 1970a).
Low s o il temperature has been shown to  be the major fa c to r in h ib ­
i t in g  decomposition in  subarctic  spruce- 1  ichen woodland s o ils  w ith  
a c id ity ,  low N content, lack o f re a d ily  ava ilab le  carbon, and low 
mesofaunal populations o f secondary importance (Moore, 1981). Thus, 
decreased decomposition rates can be expected to  be conducive to  
fu r th e r organic matter accumulation and increase in  fo re s t f lo o r  
th ickness. I f  the moss and organic layers have developed s u f f i ­
c ie n t ly ,  the mineral layer may be e n t ire ly  frozen and a l l  tree  roots 
become located in  the fo re s t f lo o r  organic laye rs . Nutrients in  the 
organic laye r are depleted, and some elements such as phosphorus, 
n itro ge n , and manganese may become lim it in g  (V iereck, 1970b). There­
fo re , the fo res t vegetation e x is ts  on a progressively more d e fic ie n t 
substrate and the fo res t f lo o r  increasing ly  acts as a sink fo r
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5ecosystem n u tr ie n t c a p ita l.
Figure 1 shows pool sizes and annual incorporation o f organic 
matter as well as nitrogen in  compartments o f a perm afrost-free black 
spruce ecosystem in  in te r io r  Alaska. The fo re s t f lo o r  is  c le a r ly  the 
dominant compartment w ith respect to  organic matter and nitrogen con­
te n t in  view o f the fa c t tha t root exp lo ra tion  is  la rg e ly  re s tr ic te d  
to  th is  la ye r. The importance o f the mosses, which are in  in tim ate  
contact w ith the fo res t f lo o r ,  is  emphasized by th e ir  p roportion ­
a te ly  large annual uptake ra tes.
The Mosses
The p rin c ip a l moss species on the black spruce fo re s t f lo o r  in  
th is  study are Pleurozium schreberi (B .S .G .)M itt. and Hylocomium 
splendens (Hedw.) B.S.G.*5 Their widespread association w ith  black 
spruce in  circumpolar lands has been documented by Weetman and 
Timmer (1967) fo r  eastern Canada, Horton e t al_. (1979) and Busby e t a l . 
(1978) fo r A lberta , and Tamm (1953) fo r  Scandinavian spruce fo re s ts .
Most studies dealing w ith these feather mosses have focused on 
th e ir  photosynthetic a c t iv i t ie s ,  growth and reproduction (Bates, 1979; 
Busby e t al_., 1978; Callaghan, e t al_., 1978; Longton and Greene, 1979) 
and the accumulation o f heavy metals from smelter operations (Barclay- 
Estrup and Rinne, 1978; Rinne and Barclay-Estrup, 1980; Ruhling and 
T y le r, 1970). Only a few studies attempted to  in tegra te  the func tion ­
al ch a ra c te ris tic s  o f the moss mat w ith  those o f the underlying fo res t
b
Nonvascular f lo ra  nomenclature fo llow s Cunningham (1972).
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Figure 1. Organic m atter and n itrogen pool sizes and annual 
uptake in  a 130 year old perm afrost-free black 
spruce ecosystem in  in te r io r  Alaska. Units in  
g*m"2. Nitrogen in  parentheses (modified from 
Van Cleve e t a l_., 1979).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7f lo o r  and re la te  them to  the ecosystem as a whole. Tamm (1953) 
considered the moss mat n u t r i t io n a l ly  independent o f the under­
ly in g  organic layers and mineral s o i l .  He rejected the old [ s ic ]  
view th a t Hylocomium splendens and s im ila r  mosses obtain th e ir  
nu trien ts  and water from below. Not only because o f the absence o f 
rh izo ids and a water conducting system in  these p la n ts , but also 
since experimental resu lts  showed th a t nu trien ts  were to  a large 
extent supplied through leachable sa lts  in  the tree  crowns, dust 
and atmospheric ammonia and some n it ra te  contained in  ra in . I t  was 
suspected th a t there also may have been d ire c t absorption o f ammonia 
by the plants from the a i r .  These find ings were e sse n tia lly  confirmed 
in  la te r  papers by Tamm (1964), Rinne and Barclay-Estrup (1980) and 
Callaghan e t al_., (1978), although upward c a p illa ry  movement o f water 
and ions contained there in  along the outside o f the p lan t from below 
the moss canopy were not considered (Anderson and Bourdeau, 1955; 
Bellamy and R ieley, 1967; MSgdefrau, 1969). Weetman and Timmer (1967) 
s im ila r ly  reported, th a t fea ther mosses, qu ite  apart from competing 
w ith  the trees fo r  n itrogen , may a c tu a lly  be the major source o f n it r o ­
gen in  eastern Canadian black spruce fo re s ts , since feather mosses were 
shown to  be associated w ith  n itrogen m inera liza tion  during decomposi­
t io n .  These workers concluded th a t the moss mat represented a rapid 
means o f en try o f nitrogen contained in  ra in fa ll in to  the nitrogen 
cycle o f the stand. However, i f  annual n u tr ie n t accumulation by mosses 
exceeds uptake by trees , the moss laye r may represent an e ffe c tiv e
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8bottleneck in  the nitrogen cycle o f the stand through slow release 
o f ava ilab le  n u tr ie n ts . Since ava ilab le  forms o f n itrogen are con­
sidered l im it in g  to  p lan t production in  black spruce stands through­
out i t s  range (Weetman et a l . ,  1972; Van Cleve and Alexander, 1981), 
n u tr ie n t sequestering by the moss layer would be consistent w ith 
modern theories o f ecosystem s tra tegy , whereby the system w il l  con­
serve p o te n tia lly  l im it in g  m ateria ls  by concentrating them and w ith ­
holding them from d ilu t io n  and loss (Callaghan, 1980; Shaver, 1981; 
Welsh, 1980). This cond ition  may e x is t in  a rc t ic  and subarctic eco­
systems, where low so il and a ir  temperatures are among the key fac to rs  
c o n tro llin g  low leve ls  o f p lan t production (B liss  e t al_., 1973).
The moss layer in  subarctic  black spruce ecosystems plays another 
important ro le  re la ted to  the nitrogen economy o f the stand which is  
connected to  nitrogen add itions through nitrogen f ix a t io n . B illin g to n  
(1981) and B illin g to n  and Alexander (1978) have shown fo r  in te r io r  
Alaskan black spruce stands th a t n itro g e n -fix in g  blue-green algae 
grow e p ip h y tic a lly  in  the green feather moss canopy. Their study 
showed th a t,  although nitrogenase a c t iv ity  (acetylene reduction) was 
s ig n if ic a n t ly  higher in  the lichens than in  other p lan t types, there 
was enough a c t iv ity  exh ib ited  by the moss-algae complex to  make i t  
the la rg e r f ix in g  e n t ity  based on p lant cover. The nitrogen f ix in g  
organism was te n ta tiv e ly  id e n tif ie d  as Nostoc sp. In coniferous 
fo res ts  o f subarctic Scandinavia Nostoc sp. has been shown conclu­
s iv e ly  to  be associated e p ip h y tic a lly  as well an endophytica lly w ith
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9Sphagnum sp. and f i x  n itrogen in  th is  association (B a s ilie r , 1979; 
1980; Granhall and Lindberg, 1978). Estimated mean annual n itrogen 
f ix a t io n  in  these Scandinavian coniferous fo res ts  amounted to  
0.32 g N • m~2 . y r “  ^ (Granhall and Lindberg, 1978).
In northern la t itu d e s , low numbers and reduced a c t iv ity  o f fre e - 
l iv in g  n itro g e n -fix in g  so il microorganisms, in  conjunction w ith a 
paucity  o f legumes and non-leguminous ac tino rh iza l n itro g e n -fix in g  
species accentuates the importance o f non-vascular p lants in  n itrogen 
f ix a t io n .  Since b io log ica l processes associated w ith so il nitrogen 
transform ations w il l  be reduced in  cold-dominated northern ecosystems 
(Van Cleve and Alexander, 1981), the moss laye r and the underlying 
organic layers assume added importance, fo r  th is  ecosystem compartment 
is  located in  the warmest (and e a r lie s t to  thaw) portion  o f the s o il 
p ro f i le  (Heilman, 1966), experiencing the most d ra s tic  seasonal c l i ­
m atic flu c tu a tio n s .
Iso top ic  Tracing
The regulatory ro le  o f the fo re s t f lo o r  and moss layer over n it r o ­
gen cyc ling  in  northern boreal fo re s t ecosystems can be documented by 
experim entally blocking various processes involved in  element turnover 
(V itousek, 1977). For example, the trenched p lo t and buried polyethy­
lene bag techniques are used to  provide inform ation regarding miner­
a liz a tio n  and n i t r i f ic a t io n  in  the absence o f e ith e r p lant uptake or 
leach ing. A more d ire c t and less destruc tive  method involves the use 
o f an isotope o f a given n u tr ie n t, in  the case o f th is  study,
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^N itrogen  is  a stab le isotope and i t s  usefulness as a longterm 
tra ce r in  b io log ica l systems is  based on the fa c t th a t and ^5N 
occur n a tu ra lly  in  an almost constant ra t io .  This ra t io  is  about 
272:1 i . e . ,  n a tu ra lly  occurring nitrogen contains about 0.366 atom% 
or about 3660 ppm (Hauck and Bremner, 1976).
Addition o f a m ateria l enriched w ith to  a system w il l  re s u lt 
in  an increase in  concentration in  a l l  or pa rt o f the system, the 
extent o f change depending on how much tra ce r was incorporated in to  
the various nitrogenous components o f the system. The change in  
nitrogen isotope ra t io  in  samples obtained from the system permits 
study o f the transform ations o f the added tra ce r m a te ria l. The amount 
o f change in  isotope ra t io  from the background leve l (atom% excess 
15^) permits ca lcu la tion  o f the extent to  which the tra ce r has in te r ­
acted w ith and become part o f the system (Hauck and Bremner, 1976).
There are three fundamental assumptions th a t are central to  the 
use o f as a tra ce r in  b io log ica l systems: ( 1 ) the re la tiv e  abund­
ance o f N isotopes in  n a tu ra lly  occurring m ateria ls  does not vary; (2) 
the behavior o f ^  -jn ph ys ica l, chemical and b io lo g ica l processes is  
id e n tica l to  th a t o f 1 4 ^  hence l iv in g  systems cannot d is tin gu ish  one 
isotope from another o f the same element; (3) the chemical id e n tity  
o f isotopes is  maintained in  biochemical systems (Edwards, 1978;
Hauck, 1973; Hauck and Bremner, 1976).
None o f these assumptions are e n tire ly  v a lid  fo r  a ll  experimental 
s itu a tio n s  (Bremner, 1965; Blackmer and Bremner, 1977), bu t, as fa r  as
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can be ascertained from the l i te ra tu re ,  th e ir  v a l id i ty  has been t a c i t ­
ly  assumed fo r  nitrogen tra c ing  studies in  te r re s tr ia l ecosystems.
The use o f t 0  describe nitrogen transform ations in  quan tita ­
t iv e  terms is  ne ither simple, easy nor cheap (Broadbent, 1981). Never­
the less, more than 1500 papers re la tin g  to  the use o f ^N  tra ce r tech­
niques have been published since 1943 in  agronomy and re la ted sciences 
alone (Hauck and Bremner, 1976). Nitrogen cycles have been studied 
w ith i n such diverse habita ts as New Zealand pastures (Keeney and 
MacGregor, 1978), Austra lian eucalypt fo res t (Jones and Richards,
1977; 1978), North American grasslands (C lark, srt al_., 1978) and sub­
a rc t ic  boreal fo res t (Van Cleve and White, 1980). Specific  aspects o f 
the nitrogen cyc le , such as d e n it r i f ic a t io n ,  c lay f ix a tio n  o f ammonia, 
nitrogen im m obilization and decomposition o f organic nitrogen were 
also studied using ^5N (Kowalenko, 1980; Ladd e t al_., 1981; Rolston 
and Marino, 1976). Nitrogen f ix a t io n  (sym biotic) has received a great 
amount o f a tte n tio n , not only in  a g ricu ltu ra l systems (Ohyama and 
Kumazawa, 1979), but also (non-symbiotic) in  natural ecosystems, such 
as subtropic and temperate coniferous fo rests  (Bevege e t al_., 1978; 
Jones, 1978), northern boreal fo re s t (B a s ilie r , 1980) and a rc tic  
tundra (Alexander and Sche ll, 1973).
Forest f lo o r  nitrogen cyc ling  studies using ^ N  were carried out 
by Nommik and Popovic (1971), Overrein (1968; 1969; 1970a; 1970b; 
1971a; 1971b; 1972a; 1972b) and Popovic and Nommik (1972) in 
Scandinavia and by Van Cleve and White (1980) and Weber and Van Cleve
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(1981) in  in te r io r  Alaska.
Hypothesis and Objective
Knowledge has been defined by Fretwell (1975) as what we th ink  
we know about t ru th .  As such, knowledge is  always an imperfect 
assessment and hence subject to  rev is ion  and improvement. One very 
successful approach to  improving our knowledge has been the use o f 
the hypothetico-deductive method whereby a te n ta tiv e  supposition is  
checked by d ire c t experimental in ve s tig a tio n .
W ithin the framework o f the centra l o b je c tive , namely to  des­
cribe  the nitrogen dynamics through the fo re s t f lo o r  and moss layers 
o f in te r io r  Alaskan black spruce ecosystems, the fo llow ing  hypothesis 
was formulated: n itrogen flow  in  the ecosystem compartment under in ­
ves tiga tion  is  re lated to  environmental constra in ts  unique to  the 
area, s p e c if ic a lly ,  temperature and moisture regimes as well as 
organic matter q u a lity . To achieve the ob jective  ^5N was used and 
because o f the importance o f NH4 -N and NO3-N in  p lan t n u tr it io n  and 
the l im it in g  nature o f these n u tr ie n ts  to  p lant production in 
black spruce ecosystems, they were selected as the precursor 
pools to  introduce the label in to  the system.
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LOCATION
The study area is  located in  the Yukon-Tanana Uplands physio­
graphic province o f Alaska, an area o f re la t iv e ly  gentle r e l ie f  w ith 
rounded ridges oriented in  a northeast-southwest d ire c t io n . Geologi­
c a lly ,  the area is  characterized by unglaciated Precambrian sch is t 
and gneiss bedrock (Johnson and Hartman, 1971; Viereck and Dyrness,
1979). In the v ic in i ty  o f Fairbanks the Uplands are almost every­
where covered by a mantle o f micaceous loess la id  down by wind from 
the outwash p la ins o f the Tanana Valley (Pewe 1955). The study area 
l ie s  w ith in  the zone o f discontinuous permafrost (Johnson and Hartman, 
1971). Soils encountered in  th is  study are o f the Saulich s i l t  loam 
se rie s , a H is tic  Pergelic Cryaquept over permafrost and an A lf ic  
Cryochrept over perm afrost-free te r ra in  (Table 1 ).
C lim a tic a lly , the region is  continenta l in  character. Average 
annual p re c ip ita tio n  in  the v ic in i t y  is  28.6 cm. Almost 19.0 cm o f 
th is  fa l ls  as ra in  during May to  September, the remainder is  snow.
The annual means o f minimum, maximum and average a ir  temperatures are: 
-9.2°C , 2.2°C and -3.5°C, respec tive ly . The average la s t  day o f freez­
ing temperatures in  the spring is  May 21, and the average f i r s t  occur­
rence o f freezing temperatures in  the fa l l  is  August 30, resu ltin g  in  
a growing season o f approximately 100 days. The warmest month is  
Ju ly , the coldest month is  January w ith recorded temperature extremes 
o f 37°C and -54°C, respective ly . The respective average temperatures 
fo r  these two months are 16°C and -24°C. (U.S. Department o f
13
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Table 1. Description o f so il p ro file s  underlying two black spruce 
ecosystems in in te r io r  Alaska^
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^Modified from Dyrness and Grigal (1979)
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Commerce, 1977).
W ithin th is  area two black spruce stands o f s im ila r age were 
selected, one w ith in  perm afrost-free and one w ith in  permafrost- 
dominated te r ra in . The perm afrost-free s ite  is  located in  the 
Bonanza Creek Experimental Forest about 32 km west o f Fairbanks, 
Alaska, a t la t itu d e  64°45' north and longitude 148°15' west. The 
permafrost-dominated s ite  is  located approximately 50 km northwest 
o f Fairbanks at la t itu d e  65°45‘ north and longitude 147°55‘ west in  
the Washington Creek drainage system (Figure 2 ). Both s ite s  are on a 
mid-slope position  w ith a southeast exposure at an e levation o f 400 m 
and 350 m at Washington Creek and Bonanza Creek, respective ly . The 
permafrost-dominated s ite  a t Washington Creek has a slope o f 10° 
whereas the perm afrost-free Bonanza Creek s ite  is  on nearly leve l 
ground (Table 2).
The dominant vascular understory species in  both stands are 
Vaccinium v it is - id a e a  L. subsp. minus (Lodd.) H u lt. and Ledum palustre 
L . ,  subsp. groenlandicum (Oeder) H u lt. The pteridophyte Equisetum 
sylvaticum L ., is  also conspicuous. A nearly continuous moss cover 
made up o f the feather mosses, Hylocomium splendens and Pleurozium 
schreberi, occupies 80% o f the perm afrost-free s ite  and 87% of the 
permafrost-dominated s ite .  Polytrichum juniperinum Hedw. is  a minor 
component o f the moss f lo ra .
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Interior Forest or Taiga
Coostal Forests
OSS
Figure 2. Map o f Alaska showing general and s p e c ific  lo ca ti 
o f study s ite s  in  the in te r io r  fo re s t.
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Table 2. Summary o f selected ecosystem parameters fo r  two In te r io r  
Alaska black spruce ecosystems^
Washington Creek Bonanza Creek
Ecosystem parameter (Permafrost-dominated) (Perm afrost-free)
Age (y r) 138 130
Forest f lo o r  depth (cm) 24.0 14.4
Moss cover (%) 98 8 6
Depth to  permafrost (cm) 55 2
Average T°C at 10 cm 
(May 24 -  September 15) 0.5 3.3
Degree days above 0°C 
(a t 1 0  cm depth)
563 669
Moss production 
(g*m-2 * y r " ‘ )
115 125
Vascular p lant l i t t e r f a l l  
(g*m"2 *yr"T )
39 56
Total above ground tree 
biomass (g *n r2)
5357 10399
Above ground tree  
production (g*m- 2 ,y r " ' )
42 80
Fractional annual turnover 
o f the fo re s t f lo o r  (k)
0.018 0.019
^Data on f i l e  w ith the Forest Soils Laboratory 
^Permafrost may be present in  bedrock
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MATERIALS AND METHODS
Fie ld  Methods
Each treatment was applied to  one 9 m2 p lo t .  P lots were located 
to  exclude trees in order to  have a maximum area ava ilab le  fo r  fo re s t 
f lo o r  sampling. Treatments consisted o f ammonium ch lo ride  (99 atom % 
excess ^ N ) and potassium n it ra te  (99.3 atom % excess ^5 N) applied 
separately to  each 9 m2 p lo t so as to  fa c i l i ta te  la b e llin g  o f the 
NH4 -N and NO3 -N pools, respective ly . The amounts o f isotope applied 
to  each p lo t were equal to  10, 30, and 100% o f the respective a v a il­
able nitrogen pools previously determined fo r the combined fo re s t 
f lo o r ,  i . e . ,  L (01), F(021), and H(022). App lica tion  strengths less
than 1 0 0 % o f the pool size were included in  order to  es tab lish  what
the lowest app lica tion  strength would be a t which nitrogen dynamics 
could s t i l l  be detected. Because o f the small natural inorganic 
pools in  the fo res t f lo o r ,  even the 1 0 0 % app lica tion  amounted to  less 
than 1% o f the to ta l (K je ldah l) nitrogen pool. At the permafrost- 
free  s ite  o f Bonanza Creek only 10% o f the NH4 -N pool could be 
la b e lle d . The re la t iv e ly  large NH4 -N pool on th is  s ite  (834 mg * n f^ ) 
made a pp lica tio n  o f the isotope a t the rate o f 30 and 100% p ro h ib i­
t iv e  in  terms o f isotope costs. Q uantities o f isotope applied to
the fo re s t f lo o r  o f both s ites  are shown in  Table 3.
The isotopes, dissolved in  d is t i l le d  water, were sprayed as un i­
form ly as possible on the moss covered surface o f the respective p lo ts  
using separate pressure spray cans fo r  each o f the two precursors.
18
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Table 3. Rates of isotope app lica tion  to  separate p lo ts  on two 
black spruce s ite s
Weight o f isotope ( m g * m ” 2 ) * *  
Bonanza Creek Washington Creek
Applica tion strength 
(% o f ava ilab le  pool s ize) '^NH^Cl K NO3  ^NfyCl KI 5 N0 3
1 0 247.85 7.53 31.04 10.18
30 * 22.59 93.12 30.54
1 0 0 * 72.25 310.40 101.81
*No treatment
**The amount o f ^NH^-N in  ^NH^Cl and the amount o f n-n K^NOg
was ca lcu la ted to  allow  appropriate la b e llin g  o f th e ir  respective 
natural pools.
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The sequence o f p lo ts treated was such tha t the lowest app lica tion  
p lo ts  were established f i r s t  followed by p lo ts  o f increasing a p p li­
cation s trength . Total amount o f so lu tion  used, inc lud ing s u ff ic ie n t 
d is t i l le d  water fo r  rins in g  the spray cans, was equal to  0.25 cm o f 
p re c ip ita t io n , an average ra in fa l l  in  the area (Van Cleve and White,
1980).
W ithin each p lo t 36 points were located on a uniform ly spaced m2  
grid  (4 sampling points • m’ 2) ,  assigned consecutive numbers on 
paper, and randomly selected fo r  sampling in  tim e. For each sampling 
period, two points were randomly chosen fo r  sample extrac tion  w ith 
a 15.2 cm diameter coring too l on each o f the separately treated 
p lo ts . Time between sampling was i n i t i a l l y  short in  order to  fo llo w  
ea rly  incorporation o f ^5N in to  the nitrogen pools.
Isotope app lica tion  occurred in  la te  May 1977, designated time 
zero. Sampling was conducted at time zero and continued throughout 
the growing season o f tha t year (time 5, 20, 40, 60, and 100 days). 
Additional fo re s t f lo o r  samples were taken, one each in  Ju ly , August, 
and September o f 1978, as well as in  September o f 1979. The la s t 
sampling was deemed necessary because o f the unexpected persistence 
o f -jn th e system.
Samples were taken to  the top o f the mineral so il and included 
the moss, vascular understory plants and th e ir  roots as well as the 
fo re s t f lo o r  layers. Following sampling, replacement cores were 
extracted from unlabelled areas adjacent to  the p lo ts  and f i t t e d  in to
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the holes created during sampling to  minimize physical disturbance to  
the fo re s t f lo o r .  Furthermore, boards resting  on sawhorses were used 
as a p la tform  from which sample loca tions near the center o f the 
p lo ts  could be reached. In th is  way stepping on and thus compacting 
o f the low density fo re s t f lo o r  was avoided.
In order to  fo llow  possible downward movement o f the isotope 
in  the so il so lu tion  two 520 cm^ tension lys im eter plates were in ­
s ta lle d  on separately established 1 0 0 % app lica tion  p lo ts  fo r  each 
precursor a t Washington Creek. Extension o f th is  experiment to  in ­
clude lower strength app lica tion  p lo ts  and the Bonanza Creek s ite  was 
prevented by tim e, cost, and equipment co n s tra in ts . The lysim eters 
were in s ta lle d  w ith in  each o f the two p lo ts  beneath the 0 2 2  layer 
p r io r  to  app lica tion  o f the isotope in  the manner described above.
The lysim eters provided constant and continuous suction at 0.1 bar 
fo r  periods o f up to  four weeks unless the fo re s t f lo o r  dried out.
The lys im ete r plates (Cole et a l_., 1961) provided a fa i r ly  la rge , 
known surface area. The known surface area allowed u n it area calcu­
la t io n  o f so lu tion  and hence n u tr ie n t f lu x .  The large surface area 
in  contact w ith the fo res t f lo o r  could be expected to  provide 
representative so il so lu tion  samples and may also have aided in the 
c o lle c tio n  o f small amounts o f so lu tion  fo llow ing  re la t iv e ly  minor 
p re c ip ita tio n  events.
Soil so lu tions were sampled on a weekly basis fo r  only the 1978 
growing season. Removal o f the plates p r io r  to  the onset o f freeze-up
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and subsequent re inse rtion  during the fo llow ing  spring would have 
resulted in  physical d is rup tion  o f the p lo ts  as well as possible 
v e rtic a l cross-contamination o f fo re s t f lo o r  layers w ith  ^ 5 N.
Extracted cores and so il so lu tions were put in  p la s tic  bags 
and transfe rred  to  Nalgene b o tt le s , respective ly , transported to  the 
labora tory and frozen u n til fu r th e r  processing.
The weather data was ro u tin e ly  co llected  by members o f the
In s t itu te  o f Nothern Forestry a t Washington Creek and by members o f 
the Forest Soils Laboratory a t Bonanza Creek.
Laboratory Methods
The f i r s t  o f the two extracted cores per treatment was separated
in to  the fo llow ing  components, upon which chemical analyses were per­
formed: green moss by species, brown moss by species ( 0 1 ) ,  021 and 0 2 2  
laye rs . Green was separated from brown moss since there were estab­
lished  d iffe rences in  physio log ia l a c t iv it y  as well as organic n u t r i ­
ent content between these two regions o f the moss shoot (Busby e t a l . ,  
1978; Hicklenton and Oechel, 1976; 1977). Vascular p lant debris 
( l i t t e r )  trapped in  e ith e r the green or brown moss m atrix was design­
ated "green vascular l i t t e r "  and "brown vascular l i t t e r " ,  respective ly 
and analyzed separate ly. Vascular p lan ts , inso fa r as present, in c lu d ­
ing th e ir  roots were lumped and trea ted  as one component during chemi­
cal analyses. In order to  avoid erroneous resu lts  from possible con­
tam ination o f lower fo re s t f lo o r  layers by the in se rtio n  o f the coring 
to o l,  the outer 5 mm o f the extracted core was removed using surgical
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sc issors . This material was discarded a fte r  dry weight determ ination. 
A ll components were dried at 65°C fo r  48 hours, weighed fo r  biomass 
estim ation and ground in  a Wiley M ill to  pass a 40 mesh sieve. The 
Wiley M ill was cleaned w ith  an in d u s tr ia l vacuum cleaner between 
samples and a l l  parts exposed to  the ground m aterial were wiped o f f  
w ith  paper tissue  soaked in  95% ethanol.
The ground organic m ateria l was subjected to  two re p lica tion s  o f 
to ta l (m icroK je ldah l) nitrogen analysis according to  Black et a l . ,  
(1965). Replicated carbon analysis was carried  out by using a Leco 
induction furnance (A lliso n  e t a U , 1965). Thus, C/N ra tio s  could be 
ca lcu la ted and used as an index o f organic matter q u a lity  in  data 
in te rp re ta t io n .
Total 15|| analysis was ca rrie d  out on a modified Bendix tim e -o f- 
f l i g h t  mass spectrometer located a t the In s t itu te  o f Marine Sciences 
at the U n ive rs ity  o f Alaska, Fairbanks. The lengthy hypobromite 
procedure t ra d it io n a lly  used to  produce the labe lled  N2 gas th a t is  
passed in to  the mass spectrometer was modified so th a t could be 
d ire c t ly  introduced in to  the mass spectrometer from dried and ground 
samples (Dumas method, Barsdate and Dugdale, 1965). Prelim inary 
te s ts  determined tha t both methods y ie lded ide n tica l re s u lts . In 
the Dumas method the sample is  heated w ith copper oxide at tempera­
tures in  excess o f 600°C in  a stream o f p u r if ie d  carbon dioxide gas. 
The gases libe ra ted  are led over hot copper and then over copper 
oxide to  reduce nitrogen oxides to  ^ 2  and to  convert CO to  CO2 ,
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respective ly . The COg is  removed in  a l iq u id  nitrogen tra p  and the 
^ 2  gas is  then bled in to  the mass spectrometer fo r isotope ra t io  
ana lys is . Background atom % excess was determined d a ily  from 
unlabelled ammonium ch lo ride  and subtracted from values obtained 
fo r  the sample. Standard m ateria l o f known enrichment was run 
d a ily  as a check on instrument accuracy. Values reported here 
are means o f peak heights fo r  f iv e  scans. The lower l im i t  o f 
isotope detection fo r the instrument was 0 . 0 2  atom % excess ^5 N.
The second set o f cores was used fo r  analysis o f NH4 -N, NO3 -N, 
and soluble organic N (SO-N) pools and the determination o f th e ir  
isotope ra tio s . Since to ta l 15N detection on p lo ts  th a t had received 
app lica tions less than 1 0 0 % o f the ava ilab le  pool size was low, a fte r  
one growing season only cores from 1 0 0 % treatment p lo ts  were used fo r  
th is  step (10% NH4 -N app lica tion  a t Bonanza Creek). Furthermore 
fo re s t f lo o r  components were consolidated to  represent only three com­
partments. Green moss species and th e ir  associated vascular l i t t e r  
components were combined to  form one component. The same was done fo r  
the brown moss layer and 0 2 1 + 0 2 2  layers were treated as one fo re s t 
f lo o r  component. One sampling date, September 1978, had to  be 
dropped from the analysis scheme due to  sample des truc tion .
Frozen cores were thawed at 5°C u n til fo res t f lo o r  layers could 
be separated and weighed. One subsample was removed fo r  dry weight 
determ ination, the other was weighed in to  a 250 ml Erlenmeyer fla sk  
fo r  ex trac tion  w ith  2 KC1. To obtain KC1 e x tra c ts , samples were
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agitated in  the ex trac ting  so lu tion  fo r  one hour on a mechanical 
shaker. A fte r shaking the contents o f the fla sk  were f i l te re d  through 
Whatman No. 5 f i l t e r  paper under suction . One a liq u o t o f 50 ml was 
pipetted in to  a d is t i l la t io n  fla sk  w ith side arm fo r  NH4 -N and NO3 -N 
determ ination according to  the MgO-Devarda's a llo y  method o f Bremner 
(1965). A second a liq u o t o f 25 ml was p ipetted in to  a Kjeldahl flask  
and subjected to  routine Kjeldahl analysis to  y ie ld  an estimate o f 
SO-N. This N fra c tio n  has also been referred to  as KC l-extractable 
Kjeldahl N (Mahendrappa, 1980).
To avoid cross-contamination o f samples by re ten tion  o f i n 
the d is t i l la t io n  apparatus, 95% etanol was d is t i l le d  fo r  5 minutes as 
a cleansing agent between sample runs (Bremner and Edwards, 1965; 
Reeder e t al_., 1980).
A ll samples were a c id if ie d  w ith  several add itiona l drops o f d i­
lu te  standard H2 SO4  (ji=0.01) a fte r  t i t r a t io n  to  end p o in t. The a c id i­
f ie d  samples were evaporated to  dryness in  a forced d ra ft  oven at a 
temperature not exceeding 50°C. The dried m ateria l o f the respective 
N fra c tio n s  was analyzed fo r  isotope ra tio s  as described prev ious ly .
Known amounts o f s o il so lu tion  samples were freeze-dried  on a 
Thermovac freeze drying apparatus. This yielded a f in e  powder which 
was weighed and analyzed fo r  %C and %N on a Hewlett-Packard 185B 
C-H-N Analyzer. Isotope ra tio s  o f treated so il so lu tion  samples were 
determined using the standard procedures outlined above.
Because o f the co s tly  and time consuming nature o f analysis
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extensive f ie ld  and laboratory sample re p lica tio n  fo r  isotope ra t io  
determ ination was avoided in  order to  accommodate the two black 
spruce s ite s  and the large number o f samples generated from them. 
Retention o f the site-comparison-approach was considered a worthwhile 
trade o f f  fo r  rep lica ted  sampling on only a s ing le  black spruce s ite .
The nitrogen tra ce r technique requires no contro l treatm ents, ob­
v ia tin g  the need to  make ce rta in  assumptions regarding the s im ila r ity  
o f transform ation processes in  trea ted  and untreated systems. Each 
isotope ra t io  measurement is  primary information th a t can be used 
w ithout reference to  other data, although i t s  usefulness can be en­
hanced considerably when used in  re la tio n  to  other data (Hauck and 
Bremner, 1976).
C alculations
A ll n u tr ie n t data were expressed on a u n it area basis (mg*m“ 2) as 
well as on a u n it weight basis (ug*g- l ) .
Atom % excess was ca lcu la ted according to  the formula o f 
Bremner (1965):




where R = t i^e r a t*° ion currents produced by ion species
o f mass 29 and 28. A mathematical deriva tion  o f th is  formula was 
given by Edwards (1978).
The f ie ld  sampling scheme was designed so as to  a llow  eventual 
construction o f isotope d ilu t io n  curves fo r N f lu x  determ ination
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according to  Shipley and Clark (1972). The net f lu x  or ir re v e rs ib le  
disposal o f N through a precursor pool (th a t pool in to  which the * 5N 
is  introduced) can be calcu la ted from the dose o f ancj the area 
beneath the isotope d ilu t io n  curve:
N = D/(A1/g1+A2/g2) (2)
where N = net f lu x  (mg N‘ m- 2*day-!) ,  D = dose o f ^5N (mg N at the 
given leve l o f enrichment), A = zero time in te rcep t o f the exponent 
(atom % excess !5 n) ,  g = rate  constant o f each exponent (days- ! ) ,  
1 , 2 =  exponent number. This equation is  based on the Stewart- 
Hamilton equation and gives an estimate o f the net inpu t (or output) 
to  th a t pool which is  labe lled  and sampled (Shipley and C lark, 1972; 
Van Cleve and White, 1980).
Total f lu x  can be ca lcu la ted from the dose o f ! 5N and the rate 
o f disappearance o f
T = D[(A1 /(A 1 +A2 ))g 1 + (A2 /(A t +A2 ) )g 2]  (3)
where T = to ta l f lu x  (mg N*m- 2*day- ! ) and D, A, and g are defined 
above. This equation estimates the entry o f a l l  N in to  the sampled 
pool, i . e . ,  tha t entering de novo and tha t recycled.
The con tribu tion  made by the precursor to  the product pool (th a t
chemical pool in  which !5|\j can be detected and i t  is  assumed tha t the
has undergone the normal chemical or b io log ica l reactions to  
enter th a t pool w ith in  the system) can be calcu lated from the ra tio s
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o f the areas beneath the product and precursor d ilu t io n  curves:
area under product curve 
F = area under precursor curve
= ( A ' 2 / g ' 2  + A*3 / g 1 3 -  A ' l / g ' i  ) / ( A - | / g i  + A2 / g 2 ) ( 4 )
where F = fra c tio n  o f product a ris ing  from precursor, A1 = zero time 
in te rcep t o f each exponent (atom % excess), g ‘ = ra te  constant o f each 
exponent (days“ l ) and A and g are defined above. The areas under the 
curve can also be determined by the cu tting  and weighing technique.
F in a lly , precursor pool turnover time can be ca lcu la ted as the 
pool size divided by the to ta l f lu x  (Equation 3):
TT -  P/T (5)
where TT = turnover time (days), P = pool size (mg N*m~2) and T is  
defined above.
A ll o f the above equations assume steady sta te  conditions fo r  the 
system under in v e s tig a tio n , i . e . ,  the size o f each o f the pools is
assumed to  remain constant during the term o f the experiment and the
sum o f entry in to  each pool is  equal to  the sum o f the losses from 
th a t pool. Under steady s ta te  cond itions, f lu x  rates would fu r th e r­
more be proportional to  the amount o f in  each pool. Instantaneous 
and homogeneous mixing o f ^5N w ith the precursor pool is  also assumed 
(Shipley and C lark, 1972).
As w il l  be seen la te r ,  problems arose w ith regard to  the a p p li­
c a b il i ty  o f these assumptions to  the system dynamics stud ied.
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RESULTS AND DISCUSSION
Selected Forest Floor C haracte ris tics  o f Two In te r io r  Alaska 
Black Spruce Ecosystems
Biomass, %N, %C and C/N ra tio s  fo r  moss and fo re s t f lo o r  compon­
ents at the two black spruce s ite s  are shown in  Table 4 and Table 5. 
There is  no s ta t is t ic a l ly  s ig n if ic a n t between-site d iffe rence  in  the 
weight o f the components s itua ted  above the 02 1 laye r as determined by 
Student's t - t e s t .  The weights o f the 021 and 022 la ye rs , however, are 
d if fe re n t on the two s ite s  (P<0.01) re fle c tin g  the d iffe rence  in  the 
depth o f the organic layers between the stands (24.0 cm at Washington 
Creek and 14.4 cm at Bonanza Creek). Total fo re s t f lo o r  weight at 
Washington Creek is  about 40% lower than determined by Barney and Van 
Cleve, (1973) and Troth e t al_., (1976) fo r  black spruce stands in 
in te r io r  Alaska. This could be due to  s ite  d iffe rences as well as the 
d if fe re n t method o f fo re s t f lo o r  component separation employed by these 
workers. The shallower fo re s t f lo o r  a t Bonanza Creek in  conjunction 
with a greater amount o f annual l i t t e r  input (55.5 g*m~2 »yr” l at 
Bonanza Creek; 38.8 g*m"2 *yr"^ a t Washington Creek [Van Cleve and 
Dyrness, 1978]) is  la rg e ly  a function  o f more favorable conditions of 
so il temperature, drainage and hence decomposition ra te s . The d i f f e r ­
ence in %N, %C and C/N ra tio s  (Table 5) re f le c t these cond itions. The 
higher to ta l N values in  the Bonanza Creek components ind ica te  the 
improved n u tr it io n a l status o f th is  perm afrost-free s i t  compared to  
Washington Creek. These values coincide c lose ly  w ith  those reported
29
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Table 4. Biomass, %N, %C and C/N ra tios  fo r feather moss and forest 
f lo o r  components at the permafrost-dominated Washington 
Creek s ite  (+ S.E.). Values are averages fo r a ll sampling days.
Dry Weight Sample
Component (g/m2) %N %C C/N Size
green
Hylocomi urn 47.81 + 6.98 0.59 + 0.02 43.63 + 1 .10 73.91 + 3.47 14
splendens
brown
Hylocomiurn 2 7 .44+ 4 .84  0 .5 2 + 0 .0 3  4 2 .5 8 + 0 .3 0  8 3 .34+ 4 .53  14
splendens-
green
Pleurozium 155.62 + 12.69 0.57 + 0.03 42.62 + 0.18 77.53 + 3.09 2 0
schreberi
brown
Pleurozium 118.85 + 11.98 0.54 + 0.03 42.41 + 0.28 84.14 + 4.87 2 0
schreberi
green /
vascular 51 .77 + 8.13 ' 0.57 + 0.03 46.14 + 0.76 84.43 + 5.17 2 0
1 i t t e r
brown
vascular 27.31 + 2.61 0.64 + 0.03 47.74 + 0.33 77.63 + 3.47 2 0
1 i t t e r
vascular
plants 27.90 + 8.62 0 . 6 8  + 0.06 48.08 + 0.36 74.30 + 7.42 6
021 1532.72 + 168.8 0.73 + 0.03 45.25 + 0.34 62.96 + 2.46 2 0
0 2 2 3708.40 + 227.06 0.74 + 0 . 0 2 46.24 + 0.33 • 62.76 + 1.62 2 0
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Table 5. Biomass, %N, %C and C/N ra tio s  fo r feather moss and fo rest flo o r 
components at the permafrost-free Bonanza Creek s ite  (+_ S.E .). 
Values are averages fo r a ll sampling days.
Dry Weight Sample
Component (g/m^) %N %C C/N Size
green
Hylocomiurn 44 .60+12 .04  0 .8 3 + 0 .0 8 * . 4 0 .7 5 + 0 .2 4 * 5 0 .95 + 4 .43 * 6
splendens~
brown
Hylocomiurn 1 6 .2 3 + 6 .9 2  0 .7 2 + 0 .0 7 *  3 9 .7 7 + 1 .1 7 * 54 .9 6+ 3 .84 * 6
splendens
green
Pleurozium 205.02+17.02 0 .7 6 + 0 .0 3 *  4 0 .9 0 + 0 .2 9 * 5 5 .07+ 1 .97 * 20
schreberi
brown
Pleurozium 116.14+15.69 0 .5 8 + 0 .0 2 *  4 0 .7 6 + 0 .6 8 * 7 2 .46+ 3 .51 * 20
schreberi
green
vascular 6 8 .21+ 9 .69  0 .7 3 + 0 .0 3 *  4 5 .4 6 + 0 .6 6  6 6 .0 0 + 4 .0 5 * 20
1 i t t e r
brown
vascular 3 7 .54+ 4 .50  0 .7 2 + 0 .0 3 *  4 6 .6 1 + 0 .5 2  6 6 .2 2+ 2 .7 8 * 19
1 i t t e r
vascular 34 .38+10.58  1 .0 1 + 0 .0 6 *  4 7 .5 0 + 1 .0 5  4 7 .90+ 2 .78 * 8
plants
021 9 9 0 .7 4 + 1 1 8 .8 3 *0 .9 8 + 0 .0 6 *  4 2 .3 7 + 0 .7 7 * 5 6 .15+ 3 .08 * 20
022 3 1 73 .4 8 + 3 1 9 .2 7 *1 .1 8 + 0 .0 3 * 4 3 .1 0 + 0 .3 9 * 3 6 .8 7+ 1 .04 * 20
♦ S ignificant between s ite  d iffe rence (PC0.01)
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by Troth e t al_., (1976) fo r  black spruce stands on varying permafrost- 
free topographic positions in  in te r io r  Alaska. The to ta l N values at 
Washington Creek are s l ig h t ly  lower than those reported by Troth e t 
a l . ,  (1976) fo r  th e ir  permafrost-dominated s ite s . The lower %N 
values at Washington Creek are probably due to  permafrost-mediated 
unfavorable decomposition and n u tr ie n t cycling  regimes on th is  s ite .  
Consistent w ith  th is  in te rp re ta tio n  is  the higher % carbon in  the moss 
and organic layers o f the fo re s t f lo o r  a t Washington Creek, as well as 
the wider C/N ra t io s . Carbon/N ra tio s  a t Washington Creek are approx­
im ately two times higher than reported elsewhere fo r  black spruce eco­
systems and between 12 and 70% higher than at Bonanza Creek. Carbon/N 
ra tio s  at the Bonanza Creek s ite  coincide more c lose ly  w ith  the 
l i te ra tu re  (Troth e t a l . ,  1976; Weetman and Timmer, 1967). Nommik and 
Popovic (1971) consider m ateria l w ith  C/N ra tio s  in  excess o f 40 to  be 
in d ica tive  o f low decomposition ra tes . S im ila r ly , Van Cleve (1974), 
studying organic matter q u a lity  in  re la tio n  to  decomposition in  c i r -  
cumpolar tundra and ta iga s ite s  reported tha t narrower in i t i a l  C/N 
ra tio s  were re fle c ted  by more rapid decomposition fo r  a wide range o f 
organic m a tte r. He determined th a t w ith  respect to  substrate q u a lity  
and decomposition, narrower C/N ra tio s  re f le c t higher concentrations 
o f re a d ily  metabolizable substances such as l ip id s  and s ta rch . The 
threshold fo r  d ra s tic a lly  reduced po ten tia l decom posibility o f in t ro ­
duced organic matter was around C/N = 80, a value approached or even 
exceeded by moss and fo re s t f lo o r  components at the Washington Creek 
s ite  (Table 4 ).
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In the in te r io r  o f Alaska both permafrost-free and permafrost- 
dominated black spruce s ite s  are c le a r ly  examples o f ecosystems w ith 
slowly decomposing fo re s t f lo o rs . However, i f  ranked in  an order o f 
decreasing decomposition ra tes , permafrost-dominated black spruce eco­
systems would be at an even lower pos ition  than perm afrost-free 
systems at the same stage o f ecosystem development because o f the re­
duced s o il temperature regime. Thus, the number o f degree days 
accumulated above 0°C fo r  a depth o f 10 cm in  the fo re s t f lo o r  during 
the period o f May through September 1977 was 669 on perm afrost-free 
and 563 on permafrost-dominated black spruce s ite s . The d iffe rence in  
degree days between the two s ite s  is  re flec ted  by a d iffe rence  in  
fo re s t f lo o r  thickness and aboveground whole tree biomass. At 
Washington Creek fo res t f lo o r  depth is  >20 cm whereas a t Bonanza Creek 
i t  is  only 14 cm. This has resulted from greater fra c tio n a l annual 
turnover o f the fo res t f lo o r  a t the perm afrost-free s ite  (k=0.73) com­
pared to  the permafrost-dominated s ite  (k=0.45) (Van Cleve and 
Dyrness, 1978). These substrate q u a lity  con tro ls  appear to  exert a 
powerful influence over tree  biomass and production. Total above­
ground tree  biomass and average aboveground tree  production are 5357 
g/m2  and 42 g/m2  re s p e c tive ly .fo r the permafrost-dominated s ite  com­
pared to  10399 g/m2  and 80 g/m2  respective ly  at the permafrost-free 
s ite  (Van Cleve and Dyrness, 1978). In comparison, more productive 
non-black spruce ecosystems in  the Yukon-Tanana Uplands such as 
b irc h , aspen and white spruce characterized by higher tree  production
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rates and located on more favorable s ite s  w ith respect to  so il 
temperature, moisture and drainage usually accumulate degree days 
in  excess o f 1000 during the same period o f tim e. These s ite s  have 
greater to ta l n itrogen concentration (1.90 -  2.40% N) and narrower 
C/N ra tio s  (18.8 -  26.6) in  the fo re s t f lo o r  organic laye rs . Troth 
e t £ l_ ., (1976) concluded th a t th is  indicated not only more favorable 
conditions fo r  m icrobial decomposition, but also more rapid return 
o f ava ilab le  nu trien ts  to  the s o il organic laye rs . An added s ite  
am eliorating fa c to r on the warmer, b e tte r drained s ite s  is  the 
frequent presence o f Alnus. I ts  ac tino rh iza l nature ensures con tin ­
uous add ition  o f N to  the system through nitrogen f ix a t io n .  The 
frequency o f Alnus is  g rea tly  reduced a t th is  stage o f ecosystem 
development in  the perm afrost-free as well as permafrost-dominated 
black spruce vegetation types. Therefore, n itrogen addition  by 
means o f ac tino rh iza l association can be expected to  be g rea tly  
reduced. Most o f the nitrogen accretion through b io lo g ica l f ix a tio n  
is  contribu ted by blue-green algae growing e p ip h y tic a lly  w ith the 
mosses (B ill in g to n  and Alexander, 1978) and sym b io tica lly  w ith 
lichens such as Peltigera aphthosa (L .)W illd . (K a llio  e t a l . ,  1976).
Isotope D is tr ib u tio n  and Recovery o f Three Applica tion Strengths 
in  Black Spruce Forest Floor Components
The determ ination o f incorporated in to  the to ta l (K je ldah l) 
n itrogen pool o f the selected fo re s t f lo o r  components from the two 
precursor pools represented the in t ia l  step in  the attempt to
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describe nitrogen dynamics in  th is  black spruce ecosystem compart­
ment. The resu lts  obtained provided a f i r s t  in s ig h t in to  the be­
havior o f the iso to p ic  tra ce r in  moss and fo re s t f lo o r  layers and 
allowed an evaluation o f the re la t iv e  s u ita b i l i t y  o f the three 
app lica tion  strengths (10, 30, and 100% o f the ava ilab le  pool sizes) 
to  a tta in in g  the stated ob jectives o f the study. As there was no 
s ig n if ic a n t d iffe rence  in  atom % excess ^5N between the feather moss 
species encountered (green as well as brown portions) and between 0 2 1  
and 0 2 2  laye rs , they are shown as "green moss", "brown moss", and 
" 0 2 1 +0 2 2 “ , respective ly .
From Figs. 3 through 12 i t  becomes immediately c lea r tha t over a 
two-year period l i t t l e  incorporation o f ^5N has taken place in  the 
0 2 1 + 0 2 2  layer o f perm afrost-free as well as permafrost-dominated 
stands on a l l  treatments regardless o f precursor. The bulk o f 
the isotope remained in  the green moss and green vascular l i t t e r  
and, to  a lesser ex ten t, in  the brown moss and associated l i t t e r  com­
ponents. The green/brown feather moss isotope d is tr ib u t io n  pattern 
could be expected in  l ig h t  o f an e a r lie r  study which reported higher 
organic n u tr ie n t contents such as to ta l carbohydrates and sugars in  
the green portion  o f the moss (Picranium fuscescens Turn, in  subarctic 
Quebec, Canada [H icklenton and Oechel, 1977]). These workers fu r th e r 
concluded th a t l i t t l e  evidence existed fo r  ac tive  trans loca tion  o f 
n u tr ie n ts  downward from green shoot in to  the brown p o rtion .
R e-translocation w ith in  green segments o f the moss shoot has, how­
ever, been shown to  occur. Skre and Oechel (1979, 1981) were able to
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Figure 4. Atom percent excess 5^|\| distribution in the forest floor
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Figure 8 . Atom percent excess 15N distribution in the forest floor















40  60 80 100 Jul Aug " Sep
1977 (days) 1978 (months) 1979
Time Since Isotope Application
Atom percent excess ^5N distribution in tbe forest floor
































0 20  40  60  80 100 Jul Aug Sep
1977 (days) 1978 (months) 1979
Time Since Isotope Application
Figure 10. Atom percent excess d is tr ib u t io n  in  the fo re s t f lo o r
1 ait/\nr a  f  n /> Mm a ^  ma r  f  nn  a  r  1  ^  a  / I 1/ * ^jQnlayers o f the perm afrost-free s ite  (1 0 0 % K 




















20 4 0  60 80 100 Jul Aug " Sep
1977 (days) l978(months) 1979
Time Since Isotope Application
Atom percent excess distribution in the forest floor



























■41— 1 >8---- li---- 8
■41-------*
0 20 40  60 80 100 Jul Aug Sep
I977(days) l978(months) 1979
Time Since Isotope Application
Figure 12. Atom percent excess 15^ distribution in the forest floor




separate four green moss age classes and determined th a t,  a t least 
in  the case o f Hylocomiurn splendens, nitrogen was translocated from 
o lder to  new green tissue  (Skre and Oechel, 1979). This could well 
represent an adaptive stra tegy to  a n u tr ie n t l im it in g  environment 
whereby the resource in  short supply, in  th is  case n itrogen , is  con­
served in  growing tissue  as green moss senesces and becomes 
p h ys io log ica lly  inac tive  brown moss.
The decrease in concentration over time resu lts  from mixing 
o f the ^m _enri ched tra ce r w ith natural N sources containing less o f 
the heavy isotope and is  re ferred to  an isotope d ilu t io n  (Edwards,
1978). Isotope concentration immediately a fte r  app lica tion  was highest 
in  the green moss o f the 100% ^NH^Cl treatment at Washington Creek, 
as would be expected a fte r  surface app lica tion  o f ^ N . A lso, isotope 
d ilu t io n  trends were most c le a r ly  defined on th is  treatment (F ig . 3 ). 
Uptake o f by vascular understory plants at Washington Creek was 
low on a ll  treatments compared to  the retained by green and brown 
moss layers and th e ir  associated l i t t e r  components, but vascular p lant 
uptake could nevertheless have contribu ted to  the observed isotope 
d ilu t io n  in  the feather moss layers (F igs. 3 through 8 ) .  The vascular 
understory species encountered during sampling were in va ria b ly  the 
ericaceous plants Vaccinium v it is - id a e a  and/or Ledum pa lustre  ssp. 
groenlandicum. Because o f the evergreen habit o f these woody shrubs 
th e ir  atom % excess content in  the year a fte r  the in i t i a l  isotope
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
app lica tion  is  a combination o f o rig in a l uptake and overwinter 
storage, as well as renewed incorporation  o f during the subsequent 
growing season. Low leve ls  o f enrichment in  the vascular p lan t com­
ponent o f the fo re s t f lo o r  are probably a re fle c tio n  o f the low leve ls  
o f enrichment in  the combined 0 2 1 + 0 2 2  la y e r, the major rooting medium 
o f vascular plants on permafrost-dominated black spruce s ite s  (V iereck, 
1970b). The green and brown moss layers thus appear to  act as a 
f i l t e r in g  agent fo r  15|\| contained in  so lu tion  on i t s  downward migra­
t io n  through the fo re s t f lo o r  p ro f i le .  Rinne and Barclay-Estrup,
(1980) and Ruhling and T y le r, (1970), studying heavy metal contents 
o f feather mosses near smelter operations, s im ila r ly  found tha t 
Pleurozium schreberi and Hylocomiurn splendens have a considerable 
capacity fo r  sorption o f metal ions from such d ilu te  so lu tions 
as tree  canopy ru n -o ff.
The a b i l i t y  o f the fea ther mosses to  re ta in  the applied i S 
best demonstrated on the 100% ^NH^Cl treatment at Washington Creek 
(F ig . 3) where 90% o f the to ta l tra ce r th a t could be recovered a t the 
end o f the second growing season was contained in  green and brown moss 
components. On the 30 and 10% ^NH^Cl treatments a t Washington Creek 
(F igs. 4 and 5) much o f the same observation was made, w ith  8 8  and 
70% moss re ten tion  o f recoverable to ta l respective ly , in  
September o f 1978. Absolute values fo r  atom % excess ^5N in  a ll  com­
partments, however, were lower on these two treatments compared to  
the 1 0 0 % app lica tion  because o f reduced app lica tion  ra tes.
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The pattern o f to ta l ^5N re ten tion  on the K^NOg treated p lo ts  
at Washington Creek was comparable to  tha t o f the ^NH^CI treated 
p lo ts  (F igs. 6  through 8 ) .  The feather moss components retained 76,
72, and 45% o f the tra ce r N th a t could be recovered a t the end o f two 
growing seasons on 100, 30, and 10% app lica tion  treatm ents, 
respec tive ly . The lower leve ls  o f re ten tion  o f th is  precursor a t the 
end o f the experimental pe riod , compared to  ^NH^C l, is  probably re ­
la ted to  the greater m o b ility  in  the anionic form and to  the fa c t 
th a t i t  may have been held less f irm ly  on exchange s ite s  than the 
ca tio n . In a study on ion exchange in  Sphagnum, Clymo (1963) 
determined th a t anion exchange a b i l i t y  is  less than 0.0026 meq*g-  ^
dry weight compared w ith about 1 . 2  meq*g~l dry weight fo r  ca tions.
Atom % excess values a t the end o f the second year are in  the 
o rder: 100 > 30 > 10% K^NOg a p p lica tio n , as was the case on the ^N fyC l 
treated p lo ts , but are lower than atom % excess values on the 
^NH^Cl treated p lo ts  when compared treatment by treatm ent. The lower 
atom % excess values on a l l  K^NOj treatments a re , o f course, a 
function  o f the smaller fo re s t f lo o r  NO3 -N pool th a t had to  be la b e l­
le d . The dominant form o f a va ilab le  N in  in te r io r  Alaska black spruce 
ecosystems is  NH4 -N (Van Cleve e t a l . ,  1981). At Washington Creek the 
pool s ize o f the combined fo re s t f lo o r  (021+022 laye rs ) is  104 mg*m“ 2  
and 62 mg*m"^ fo r  NH -^N and NO3 -N, respective ly ; a t Bonanza Creek 
these values are 833 mg*m" 2  and 46 mg*nr2 , respec tive ly . The highest 
amount o f iso top ic  la b e l, th e re fo re , was in jected  in to  the 1 0 0 %
^NH^-N p lo t a t Washington Creek (F ig . 3) since a t Bonanza Creek only
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10% o f the NH4 -N pool could be labe lled  (F ig . 9) due to  p ro h ib it iv e  
isotope cost (see MATERIALS AND METHODS).
This brings up a p o in t, regarding app lica tion  ra tes , th a t thus 
fa r  has been ignored. I t  is  obvious tha t only the 100% ^NH^Cl a p p li­
cation at Washington Creek (F ig . 3) s a tis fie d  a commonly made assump­
t io n  in  tra c e r research -  namely, tha t the label mixes instantaneously 
and homogeneously w ith in  the compartment under in ve s tig a tio n  (uniform 
penetration o f fo re s t f lo o r  la ye rs ). None o f the other treatments 
showed a maximum peak in  atom % excess ^5N at time 0 , the day o f 
isotope a p p lica tio n , I f  mixing o f label w ith in  the green moss laye r 
was indeed instantaneous and homogeneous, atom % excess ^5N values 
should have been highest a t time 0  and then decline over time in 
response to  isotope d ilu t io n  as was the case fo r  the 1 5 NH4 C1 a p p li­
cation a t Washington Creek. Fa ilu re  o f the label to  mix immediately 
w ith in  the compartment to  which i t  was applied, i . e . ,  the green moss 
la ye r, does not in va lida te  the find ings regarding isotope re ten tion  
by the feather moss component, but points out a problem re la ted to  
the acceptance o f basic assumptions in  tra ce r research under 
conditions o f the present study. S im ila r concerns were voiced by 
Robertson (1957); Wilde (1955), and Wrenshall (1955) working w ith 
tracers on the development o f mathematical equations to  describe 
tra n s fe r rates in  b io log ica l systems.
At the perm afrost-free black spruce s ite  a t Bonanza Creek isotope 
re ten tion  trends, two years a fte r  a p p lica tio n , fo llo w  the same pattern 
as at the permafrost-dominated s ite  a t Washington Creek (F igs. 9 
through 12). Over 90% o f the ^ N  tha t could be recovered (based on
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atom % excess ^ N ) on the ^NH^Cl treatment was contained in green and 
brown feather moss components. On the K^NOg trea ted  p lo ts  isotope 
re ten tion  on 100, 30, and 10% app lica tions were 64, 51, and 56%, 
respective ly .
Checking these data against find ings by other workers is  d i f f i c u l t  
because d if fe re n t research ob jectives necessitate experimental proce­
dures which make meaningful comparisons almost impossible. One prob­
lem in  th is  regard re fe rs to  the length o f the experiment. Most stud­
ies using as a tool are o f re la t iv e ly  short-term  dura tion , such 
as incubation studies (O verre in, 1972a; 1970a) which can be terminated 
in  a matter o f days. Longer-term studies seldom exceed one growing 
season except in  cases where f e r t i l i z e r  persistence in  a g ric u ltu ra l 
systems (Kowalenko and Cameron, 1978; Kowalenko and Ross, 1980) or 
forested systems (Mead and P r itc h e tt ,  1975a; 1975b; Overrein, 1972b) 
is  inves tiga ted . F e r t i l iz e r  experiments commonly employ precursors o f 
low enrichment leve ls  applied a t high ra tes , whereas in  th is  study 
h igh ly  enriched precursors were used (over 95 atom % excess ancj 
applied at low rates (< 1 % o f the to ta l n itrogen pool o f the combined 
0 2 1 + 0 2 2  layers) in  order to  avoid any priming e ffe c t on the system.
The only other in s itu  study carried  out in  in te r io r  Alaskan 
fo re s t ecosystems and using h igh ly  enriched trace rs  a t low leve ls  o f 
app lica tion  was conducted by Van Cleve and White (1980) in  a 60-year 
paper b ir ;h  (Betula papyrife ra  Marsh.) ecosystem. Paper b irch  eco­
systems in  in te r io r  Alaska represent a stage in  ecosystem develop­
ment th a t is  devoid o f the th ic k  feather moss layers and hence
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characterized by much improved so il temperature and n u tr ie n t cyc ling  
regimes compared to  black spruce ecosystems. The paper b irch study 
revealed high ^|\| a c t iv ity  in  the combined fo res t f lo o r  layers 
( 0 1 +0 2 1 +0 2 2 ) ,  lending support to  the contention tha t in  black spruce 
stands the moss layers act as a long-term b a rr ie r to  nitrogen movement 
in to  the 0 2 1 + 0 2 2  layers o f the fo re s t f lo o r ,  and tha t in  fa c t the 
feather mosses may represent a n u tr ie n t sink fo r  n itrogen.
Because o f the unexpected persistence o f to ta l i n the green 
and brown feather moss components o f the fo res t f lo o r  in  both perma­
fro s t- f re e  and permafrost-dominated stands, one more sample was taken 
at the end o f the th ird  growing season (September 1979) from a ll  100% 
app lica tion  p lo ts  (10% 1 5 NH4 C1 at Bonanza Creek). The 10 and 30% 
app lica tions were ignored as they showed leve ls  o f enrichment at the 
end o f the second growing season tha t made i t  doubtful weather ^5N de­
te c tio n  would be possible a fte r  another year. In th is  study the use­
fulness o f isotope app lica tions a t less than 1 0 0 % o f the ava ilab le  
pool size thus seems to  be re s tr ic te d  to  a time frame o f no more than 
12 months. Furthermore, as pointed out above, i t  appears question­
able whether low leve ls o f app lica tion  s a tis fy  the assumption o f in ­
stantaneous and homogeneous mixing o f the introduced label w ith in  the 
compartment.
Table 6  shows atom % excess ^5N fo r a ll  moss and fo re s t f lo o r  
components 28 months a fte r  the o r ig in a l isotope a p p lica tio n . Isotope
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Table 6 . Atom % excess contained in feather moss and fo rest f lo o r 
components of permafrost-free and permafrost-dominated black 
spruce s ites 28 months a fte r  isotope application (+_ S.E.)
_______ Permafrost-free**_______  ______ Permafrost-dominated












1 i t t e r
brown 
vascular 







Pleurozium 1.21 + 0.04 
schreberi
0.17 + 0.01
0.05 *  0.01 
0.06 + 0 . 0 2  
0 . 0 0
*not present
0.27 + 0.01 
0.23 + 0.02
0 . 1 2  + 0 . 0 2  0,06 + 0 . 0 2
0.05 + 0.02
0.08 + 0 . 0 2  
0 . 0 2  + 0 . 0 1  
0.03 + 0.02
1.31 + 0.04 
0.92 + 0.02
0.21 + 0.02
0.21 + 0.02 
0 .1 0 + 0 .0 2  
0.07 + 0.02 
0 . 0 0
0.28 + 0.03 
0.16 + 0 . 0 2
0.45 + 0.03 
0.26 + 0 . 0 1
0.08 + 0 . 0 1
0 . 1 0  + 0 . 0 1
0.06 + 0 . 0 1  
0.03 + 0.01 
0.05 + 0.05
* * ron th is  s ite  ^NH^Cl applied at only 10% o f the NH -^N pool s ite
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d ilu t io n  has continued to  take place, but o f the ^5N tha t could be 
recovered from the whole core, over 90% is  now contained in  the 
mosses, regardless o f treatm ent. Vascular p lants showed l i t t l e  en­
richment, as did the 021+022 la y e r. In te raction  between the feather 
moss and deeper fo re s t f lo o r  layers was apparently kept to  a minimum. 
The question arises as to  whether th is  ind ica tes t ig h t  in te rna l nu­
t r ie n t  cyc ling  w ith in  the feather moss layer or ty ing -up  o f n itrogen 
in  unavailable form. The answer can only be provided by isotope 
analyses o f the ^NH^-N and ^NO j-N  pools o f the respective ecosystem 
components to  be discussed la te r ,  but an in d ica tion  may have been 
given by Callaghan, (1980), who studied n u tr ie n t a llo ca tio n  patterns 
in  Lycopodium annotinum L. in  Scandinavian subarctic  b irch  fo re s ts . 
This non-vascular p la n t, a lb e it  a p teridophyte , overcomes the n u tr ie n t 
stress o f i t s  environment by e f f ic ie n t ly  synthesizing large energy 
stores w hile  conserving scarce nu trien ts  through recycling w ith in  
i t s  almost closed system o f interconnected v e r tic a l and horizonta l 
segments (Callaghan, 1980).
Natural Nitrogen D is tr ib u tio n  in  Selected N Pools o f Black 
Spruce Forest Floor Components
The inform ation obtained from the above section aided in  the de­
c is ion  to  analyze only those samples tha t were co llec ted  from p lo ts  
trea ted  w ith  100% o f the ava ilab le  pool s ize . Furthermore, fo re s t 
f lo o r  components were consolidated in  order to  focus more sharply on 
the ro le  o f the feather mosses v is  a v is  the 021+022 la ye r. Thus,
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fo r  th is  part o f the study, green Pleurozium schreberi and Hyl ocomi urn 
splendens, plus th e ir  associated l i t t e r  components, were combined fo r 
analyses and are, henceforth, treated as one component (green moss). 
Moss species o f the brown laye r and th e ir  vascular l i t t e r  compon­
ents were also combined fo r  analyses (brown moss), as were 021  and 0 2 2  
layers (021+022). Combining o f feather moss species seems ju s t i f ie d  
on the basis th a t th e ir  atom % excess as well as to ta l (K je ldah l)
N values were not s ig n if ic a n t ly  d if fe re n t at ind iv idua l sampling 
dates (the same was true fo r  0 2 1  and 0 2 2  layers) and th a t the 
responses o f these two feather moss species to  various environmental 
fac to rs  are s im ila r (Busby et al_., 1980). The vascular l i t t e r  
components are lumped w ith th e ir  respective moss laye r components 
because o f th e ir  in tim ate physical association w ith  the mosses.
In add ition  to  the detection o f a c t iv it y  in  the NH -^N and 
NO3 -N pools, the soluble organic N pool (S0-N) was also checked fo r  
isotope enrichment by chemical ana lys is . I t  was determined by sub­
tra c tin g  NH4 -N estimates from the KC1 extracted Kjeldahl N. I t  was 
decided to  investiga te  th is  nitrogen pool separately since i t  had been 
previously shown to  be qu ite  la rg e . Van Cleve and White, (1980) 
ca lcu la ted th a t the S0-N can be 37 times the size o f the NO3 -N pool in  
the fo re s t f lo o r  o f a 60-year old paper b irch  ecosystem in  in te r io r  
Alaska. Mahendrappa, (1980) working in  eastern Canadian feather moss/ 
black spruce fo rests  determined th a t th is  n itrogen pool was cons is t­
e n tly  la rg e r than the NH4 -N pool and went on to  conclude tha t S0-N may 
be as good an in d ica to r o f p o te n tia lly  ava ilab le  N as KC l-extractable
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
NH4 -N, but appeared to  be less a ttra c t iv e  because o f the additional 
d igestion  procedure during sample ana lys is. The SO-N pool probably 
consists o f root exudates, e x tra c e llu la r  m icrobial enzymes and N 
incorporated in  m icrobial tissue  which is  released as a re su lt o f 
turnover o f the m icrobial population, or released as a re su lt o f 
ly s is  o f m icrobial tissu e  during sample ex trac tion  w ith 2Ji KC1 
(Van Cl eve and White, 1980).
Residual organic N (RO-N), representing those N frac tions  tha t 
are more re s is ta n t to  the m ine ra liza tion  process, was estimated in ­
d ire c t ly  by subtracting  SO-N + NH4 -N + NO3 -N from to ta l (K je ldahl) N. 
Like to ta l N i t  can be considered a sink fo r  mobile forms of N during 
mi ne ra li zation-immobi1 i  ation reactions.
Table 7 shows the nitrogen concentration in  the various natural 
pools as determinated fo r  the ^NH^Cl app lica tion  p lo ts  on both 
perm afrost-free and permafrost-dominated s ite s . The to ta l N pool, 
conta in ing the la rgest amount o f N by d e f in it io n , was followed in 
generally decreasing order by RO-N, SO-N, NH4 -N, and NO3 -N. This re­
la tio n sh ip  remained consistent fo r  a l l  three fo re s t f lo o r  layers 
examined on both s ite s .
Natural va ria tio n  in  N pool sizes is  to  be expected since s o ils  
in  general are considered to  be a no to rious ly  heterogeneous medium 
to  work w ith (Keeney, 1980). In a dd itio n , n itrogen content in  the 
fo res t f lo o r  would be a ffected by seasonal va ria tio n s  in  b io log ica l 
a c t iv ity  due to  changing temperature and p re c ip ita tio n  patterns. 
Haines and Cleveland (1981) po in t out th a t care fu l consideration must












Table 7. Nitrogen concen tra tion  in  selected f lo o r  components on the ^5 NH^ C1 trea ted
p lo t  o f  pe rm afros t-free  and permafrost-dominated b lack spruce s ite s  (ug -g -1 ) .
Time
a f te r  S ite  Green moss Brown Moss________  021+022 _
a p p l i -  TdtaT~N~~RO-'N“ SO-N' "NH4 - N “ HSJ-TT TotaT~iT T ff-N  SO-N NH4 -N N(JJ-~N Tota l N RO-N SO-N NH4 -N N0J-N
c a tio n  ____  ____ _________________________________________________________________________________________________
W. Cr. 5400 5236 130 21 13 4350 4171 149 26 4 6400 6238 131 27 4
0 B. Cr 9800 9547 215 33 5 6800 6510 218 62 1 0 11550 11159 249 134 8
W. Cr. 5400 5279 105 7 9 4400 4270 10 1 2 2 7 7550 7360 144 38 8
5 B. Cr. 7300 7231 236 34 9 5300 4976 278 38 8 10650 10427 177 45 8
W. Cr. 6200 5905 239 41 15 6300 5203 172 9 16 8100 8010 70 14 6
2 0 B. Cr. 8500 8225 204 7 4 6500 6324 157 11 8 13700 13301 342 52 5
W. Cr. 5100 4676 397 19 8 4200 3810 343 32 15 7200 6993 178 17 1 2
40 B. Cr. 5800 5436 327 24 13 5700 5427 213 40 2 0 10350 9979 264 1 0 0 1 2
W. Cr. 7350 7129 201 1 0 1 0 6550 6331 174 31 14 6750 6362 113 21 9
60 B. Cr. 9100 8782 262 46 1 0 6800 6553 209 26 1 2 9900 9512 317 59 1 2
W. Cr. 6400 6068 299 23 1 0 7800 7571 2 0 0 2 0 9 7800 7428 224 140 8
1 0 0 B. Cr. 6500 6256 2 0 0 35 9 5300 5074 181 31 14 13750 13159 402 177 1 2
W. Cr. 7600 7436 137 23 4 7300 7168 114 13 5 9100 8953 1 2 2 2 0 5
Jy 78 B. Cr. 9500 4236 192 6 6 6 4700 4569 1 0 1 23 7 10050 9600 301 142 7
W. Cr. 6600 6341 215 18 26 5950 5644 243 46 17 7600 7358 167 62 13
Aug 78 B. Cr. 6900 - 447 - 28 4000 3628 278 72 2 2 9150 8655 312 164 19
W.Cr. 7550 7401 83 27 39 7000 6855 107 29 9 7700 7594 82 18 6
Sept 79 B.Cr. 7500 7230 216 25 29 5200 4953 197 33 17 11350 10826 438 74 1 2
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be given to  sampling in te n s ity  i f  inherent natural seasonal changes 
in  s o il chemical or physical p roperties are to  be separated from 
changes due to  a given treatm ent. These authors ca lcu lated sample 
sizes required to  estimate various physical and chemical parameters 
in  f iv e  fo re s t so ils  in  southwest Georgia. To estimate the value o f 
a s o il property, such as ca tion  exchange capacity w ith in  _+ 1 0  and 
^  5% o f the mean w ith 95% confidence 198 and 789 samples were re ­
qu ired , respective ly . In another study Quesnel and Luvkulich (1980) 
determined th a t 1 0 0  samples are needed to  estimate fo re s t f lo o r  
thickness on a mesic s ite  on Vancouver Is land, B r it is h  Columbia, i f  
95% confidence w ith in  10% o f the mean was to  be achieved.
The scope o f the present study precluded sampling th a t even re­
motely approached sampling in te n s ity  o f th is  leve l and resulted in  a 
concomitant increase o f v a r ia tio n  in  the data. Fortescue (1980) a p tly  
noted th a t a universal co n s tra in t to  the s c ie n t if ic  e f fo r t  applied fo r  
the so lu tion  o f a problem is  a v a i la b l i l i t y  o f funds and time and th a t 
th is  aspect o f the research often d ic ta tes  the kind o f s c ie n t if ic  
e f fo r t  used to  solve a s p e c if ic  problem.
Comparing a ll  sampling dates on the ^NH^Cl trea ted  p lo ts  there 
is  a between-site d iffe rence  in  N concentration o f the to ta l N pool o f 
green moss and 021+022 layers (P<0.05). At the Bonanza Creek s ite  the 
to ta l N pool is  la rge r in  these two fo re s t f lo o r  la ye rs , as could be 
expected from previous d iscussion. The 021+022 laye r furthermore 
showed higher values fo r  the SO-N and NH4 -N pools than Washington Creek
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(P<0.01) .  No s ig n if ic a n t between-site d iffe rences could be detected 
in  the various N pool sizes o f the brown moss laye r on th is  treatm ent.
On the K^NOg treated p lo ts  pool size re la tionsh ips  were s im ila r  
to  those on the ^NlfyCl trea ted  p lo ts  (Table 8 ) .  Total N represented 
the la rg e s t pool followed in  decreasing order by RO-N, SO-N, NH4 -N, 
and NO3 -N pools. On th is  treatment the improved n u tr it io n a l regime 
o f the permafrost-free s ite  a t Bonanza Creek appeared, however, to  
be b e tte r defined. Between-site d iffe rences existed in  a ll three 
fo re s t f lo o r  layers fo r  to ta l N and SO-N pools (P<0.01), Bonanza Creek 
being characterized by higher values. The NH4 -N pool is  la rge r in  the 
brown moss layer o f Bonanza Creek than at Washington Creek (P<0.05), 
but not s ig n if ic a n t ly  d if fe re n t in  green moss and 0 2 1 + 0 2 2  layers on 
th is  treatm ent.
The m a jo rity  o f the pe rtinen t l ite ra tu re  expresses so il n u tr ie n t 
content on a u n it area basis such as kg*ha-  ^ or mg*m_2. This way o f 
data presentation is  based on incorporation o f the density o f a given 
laye r in to  the c a lcu la tio n . Forest f lo o r  bulk density and depth are 
h igh ly  va riab le  (Haines and Cleveland, 1981), even more so in  high 
la t itu d e s  because o f the presence o f permafrost. The permafrost tab le  
is  uneven and recedes downward during the summer (increase in  depth o f 
ac tive  la y e r) , representing an added source o f v a r ia t io n . Density o f 
fo re s t f lo o r  layers examined in  th is  study increased w ith depth from 
the very low density green feather moss laye r ( 0 . 0 2  g *cc "l) to  the more 
compact 0 2 1 + 0 2 2  layer (0.08 g*cc_1) so tha t fo r  the same hypothetical 
leve l o f n itrogen in  a l l  laye rs , say 0.8% Kjeldahl N, the 021+022












Table 8 . N itrogen concen tra tion  1n selected fo re s t f lo o r  components on the K1 5 N0j trea ted  
p lo ts  o f  pe rm afros t-free  and permafrost-dominated black spruce s ite s  (ug -g -1) .
Time
Green moss Brown Moss 021+022
app l1 - 
catloni
Total N RO-N SO-N nh4- n NO3 -N Total N RO-N SO-N NH4 -N NO3 -N Total N RO-N SO-N NH4 -N NO3 -
W. Cr. 4850 4670 156 18 5 5150 4937 191 16 6 6550 6368 162 1 2 8
0 B. Cr. 8200 7976 203 13 8 7500 7202 259 28 11 11300 10910 247 131 1 2
W. Cr. 4650 4501 133 9 7 4000 3881 95 14 1 0 8050 7916 93 36 5
5 B. Cr. 6500 6122 336 30 1 2 6400 5934 434 24 8 10700 10396 224 71 9
U. Cr. 4900 4712 168 11 11 6900 6766 1 2 1 5 8 8100 7960 106 28 6
2 0 B. Cr. 9450 9161 266 8 15 7850 7528 301 14 7 12700 12305 324 67 4
U. Cr. 4500 4183 291 2 0 6 4200 4014 164 14 8 6850 5728 113 6 3
40 B. Cr. 7300 6813 409 63 15 - - 674 106 13 1 2 2 0 0 11595 502 95 8
U. Cr. 4750 4447 251 38 14 4550 4411 115 11 13 6000 5825 136 23 16
60 B. Cr. 7900 7459 373 54 14 7000 6743 225 25 7 11350 10933 314 98 5
U. Cr. 5950 5725 177 42 6 4850 4608 2 1 1 31 13 7700 7516 151 24 9
1 0 0 B. Cr. 5900 5446 397 36 2 2 5300 4968 287 34 11 10400 9921 381 84 14
W. Cr. 5100 4865 2 0 2 24 9 4800 4645 135 14 6 6200 6017 1 2 2 55 6
Jy 78 B. Cr. 7800 7231 471 81 17 6400 6058 270 37 8 10050 9374 505 164 7
u. Cr. 4900 4645 218 16 21 3950 3755 150 25 2 0 6750 6075 250 393 32
Aug 78 8 . Cr. 8200 7754 349 67 30 5300 4908 285 92 15 10150 9652 348 138 1 2
u. Cr. 5650 5508 72 37 33 5000 4824 1 1 0 34 32 7050 6818 158 56 18
Sept 79 8 . Cr. 7400 7117 240 13 30 6200 5934 228 29 9 9650 9288 299 50 13 cn
10
60
laye r would cons titu te  the major source o f th is  n u tr ie n t by v ir tu e  
o f i t s  higher density.
So fa r  fo res t f lo o r  n u tr ie n t content has been expressed on a u n it 
weight basis. This method o f ca lcu la tion  avoids the problem o f 
v a r ia b i l i t y  in  density w ith in  and among layers (Amato and Ladd,
1980; Ladd and Amato, 1980). E ither method to  ca lcu la te  n u tr ie n t 
content is  va lid  and, as w i l l  be seen la te r ,  together they w il l  
y ie ld  information or po in t out problem areas which one method alone 
could not accomplish. Hence, Table 9 and 10, analogous to  Table 7 
and 8 , show the data expressed on a u n it area basis. This method o f 
ca lcu la tion  shows th a t pool sizes can be ranked as before. The 
la rgest amount o f N is  contained in  the unavailable forms o f the 
to ta l N and RO-N pools, followed in  decreasing order by SO-N, NH4 -N, 
and NO3 -N pools. This pattern occurs w ithout exception on both 
I V C I  anc* K^NOg treated p lo ts . Between-site d iffe rences were more 
pronounced using u n it area ca lcu la tions  since s ta t is t ic a l ly  s ig n i f i ­
cant d iffe rences in  N pool sizes occurred more fre quen tly . Thus, on 
the K1 5 N03 treated p lo ts  the green moss layers at Bonanza Creek shows 
higher values fo r a ll forms o f N examined compared to  Washington 
Creek (P<0.05). The brown moss layer contained la rge r amounts o f N in  
the SO-N and NH4 -N pools (P<0.05) and the 021+022 laye r had a la rg e r 
SO-N pool (P<0.05). On the ^NH4 C1 treated p lo ts  at Bonanza Creek 
green moss contained more N in  the to ta l and SO-N pools (P<0.05); 
brown moss and 021+022 layers had la rg e r SO-N, NH4 -N and NO3 -N pools












Table 9. Nitrogen pool sizes in selected fo res t f lo o r  componets on the ^ H ^ C l treated p lo ts  
o f perm afrost-free and permafrost-dominated black spruce s ite s  (mg*m~2 ) .
Time
a fte r  S ite Green Hoss Brown Moss 021+022
a p p l  1 -  T o t a l  N  ft6 - N  S O - N  N H 4- N  Nfl3 - N  T o t a l  N llO-N SO-N NH4 -N NO3 -N T o t a l  iTTfO-H SO-N NII4 -N NO3 -N
c a t i o n  ________  _________________________________________________________
W. Cr. 1787 1676 8 8 14 9 1047 942 87 15 3 34782 33231 1253 259 40
0 B. Cr. 3061 2882 152 23 3 890 662 171 49 8 78035 72001 3847 2063 124
U. Cr. 2732 2634 85 6 7 1327 1269 45 1 0 3 30521 28636 1431 375 80
5 B. Cr. 2356 21 OB 2 1 0 30 8 1475 1242 2 0 0 27 6 32009 29956 1604 404 45
W. Cr. 1155 995 130 2 2 8 627 534 81 4 8 47344 46566 609 117 51
2 0 B. Cr. 1751 1575 168 5 3 761 553 186 13 9 81726 73639 6931 1050 107
W. Cr. 1760 1518 223 11 5 996 834 129 1 2 6 33292 31625 1439 135 93
40 B. Cr. 1534 1352 164 1 2 7 605 444 127 23 1 2 28844 2 2 2 1 0 4696 1806 131
U. Cr. 1750 1650 91 5 5 2071 1976 76 14 6 33280 31866 1 1 1 0 2 1 0 94
• 60 B. Cr. 2356 2161 161 28 6 1512 1335 149 18 9 61274 57895 -2169 404 79
W. Cr. 1573 1394 161 13 6 1436 1349 76 8 4 38013 35640 1426 898 49
1 0 0 B. Cr. 1618 1451 137 24 6 786 561 180 31 14 84571 80864 2497 1119 91
H. Cr. 1356 1244 93 16 3 1241 1167 64 7 3 38732 37511 1 0 1 0 168 42
Jy 78 B. Cr. 3661 3389 198 6 8 6 1241 1052 146 33 1 0 48017 43055 3360 1528 75
H. Cr. 1677 1569 90 8 11 1147 932 171 32 1 2 65827 63950 1297 478 1 0 2
Aug 7B B. Cr. 2693 - 213 - 13 1323 1077 184 48 14 40575 35247 3328 1795 204
. U. Cr. 2348 -2291 32 11 15 811 736 55 15 5 56757 55606 836 186 56












Table 10. N itrogen pool sizes In  selected fo re s t f lo o r  components on the K^NOj trea ted  p lo ts  
o f pe rm a fros t-free  and permafrost-dominated black spruce s ite s  (mg*m_2 ) .
Time
a f te r  S ite  Green moss Brown moss   02U022
ap p l1 -  
ca tion
Total ft ftO-'N SO- N NH4 -N NO3 -N TotaTH RO-tf SO-N NH4 -N hOpT TStaTTTRlIl-N SO-N NH4 -N NO3 -
W. Cr. 1454 1341 98 11 3 960 816 129 11 4 34047 32691 1 2 1 0 90 58
0 B. Cr. 1460 1288 156 1 0 6 695 571 108 1 2 5 40611 37928 1697 903 83
W. Cr. 1079 968 1 0 0 7 5 607 523 6 6 1 0 7 53418 51457 1358 533 70
5 B. Cr. 1924 1643 250 2 2 9 1 1 0 2 815 267 15 5 16161 11400 3510 1108 144
W. Cr. 1153 1065 79 5 5 1453 1380 65 3 5 43642 42052 1 2 0 0 321 70
2 0 B. Cr. 3098 2939 146 4 8 630 496 123 6 5 51882 47492 3604 748 39
W. Cr. 1514 1386 .117 8 2 591 484 85 8 4 30803 29594 1116 60 34
40 B. Cr. 2077 1874 170 26 7 712 231 409 64 8 35948 25135 9003 1684 127
W. Cr. 968 830 114 17 6 687 611 63 6 7 24357 23052 1015 169 1 2 1
60 B. Cr. 3056 2761 249 36 1 0 1702 1513 165 18 5 63537 60910 1910 683 34
W. Cr. 1510 1376 106 25 4 791 632 132 19 8 48419 46889 1257 198 74
1 0 0 B. Cr. 1472 1132 297 26 16 783 556 196 23 8 34288 32568 1367 302 50
W. Cr. 2038 1927 96 1 2 4 989 933 49 5 2 22398 19397 2 0 0 0 910 91
Jy 78 B. Cr. 1930 1693 195 34 7 1305 1109 168 23 5 29283 26611 2 0 0 2 546 24
W. Cr. 1415 1300 99 7 9 882 784 75 13 1 0 27540 22026 2042 3213 260
Aug 78 B. Cr. 2298 2054 191 37 17 1109 889 160 52 9 22718 18149 3194 1267 108
W. Cr. 1483 1461 1 2 6 5 864 769 60 18 17 42239 40026 1505 535 173




at P<0.01 and P<0.05, respec tive ly . Between-site d iffe rence  in  to ta l 
and RO-N pools in  brown and 021+022 layers was non -s ign ifica n t on 
e ith e r o f the two treatments.
Both methods o f ca lcu la ting  n u tr ie n t content showed tha t NH4 -N 
was the predominant form o f n itrogen compared to  NO3 -N and th is  re­
la tio n sh ip  was most consistent in  the 0 2 1 + 0 2 2  layers o f both black 
spruce s ite s  regardless o f treatm ent. The dominance o f one o f these 
two forms o f nitrogen over the other has received considerable 
a tte n tio n  in  the l ite ra tu re  w ith  discussions centered around the 
s tra teg ies  o f ecosystem development as formulated in  the now c la s s i­
cal paper by Odum (1969). The centra l hypothesis o f th is  paper re­
volves around the premise th a t young communities have open n u tr ie n t 
cycles and rapid exchanges o f nu trien ts  between organisms and th e ir  
environment, but th a t in  more mature successional stages the cycles 
become more closed and th a t exchanges between organisms and th e ir  
environments become slower. Since then terms such as "leaky" have 
been used to  describe ea rly  successional stages as compared to  " t ig h t"  
la te  successional stages (Lamb, 1980; Montes and Christensen, 1979; 
Vitousek and Reiners, 1975).
Supporting evidence fo r th is  type o f ecosystem strategy has been 
provided by another c ita t io n  c lass ic  (Rice and Pancholy, 1972). These 
authors found n it r i f ic a t io n  rates to  be low in  la te  successional 
communities and ascribed the dominance o f ammonium over n itra te  in  
these systems to  " in h ib it io n  o f n i t r i f ic a t io n  by climax vegetation".
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They argued th a t th is  was a log ica l development in  the evo lu tion  o f 
an ecosystem since nitrogen leaching losses in  the form o f the nega­
t iv e ly  charged NO3 -N ion would be reduced. Furthermore, p lan t uptake 
o f NH4 -N would conserve p lant energy since energy is  required to  re­
duce n it ra te  to  n i t r i t e  and n i t r i t e  to  ammonium. In two la te r  papers 
they proposed tha t the mechanisms to  account fo r  the reduced n i t r i f i ­
ca tion  rates was related to  the production o f tannins and tannin de­
r iv a tiv e s  by the climax vegetation which in h ib ite d  n it r i f y in g  popu­
la tio n s  o f Nitrosomonas and N itrobacter (Rice and Pancholy, 1973;
1974).
Not a ll  experimental resu lts  have necessarily supported the above 
contentions. S p e c if ic a lly , Vitousek (1977) and Vitousek and Reiners 
(1975) determined th a t n it ra te  concentrations were re la t iv e ly  constant 
and high in  streams dra in ing mature sp ruce -fire  fo res ts  in  New England. 
Streams dra in ing  immature ecosystems showed low and seasonally variab le  
n it ra te  concentrations. These authors maintained tha t n i t r i f ic a t io n  
occurs throughout the successional sequence and th a t the change in 
n it ra te  concentration is  simply due to  a change in  ecosystem producti­
v i t y ;  ea rly  successional stages having high p ro d u c tiv ity  and rapid 
nitrogen uptake. By con tras t, p ro d u c tiv ity  decreases as succession 
proceeds and less m ineralized n it ra te  is  absorbed by the vegetation.
In the l ite ra tu re  evidence can be found in  support o f e ith e r o f 
these fin d in g s . For example, Montes and Christensen (1979) working 
in  the Piedmont area o f North Carolina and Lamb (1980) studying sec­
ondary ra in  fo res t succession in  A ustra lia  suggested th a t in h ib it io n
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o f n i t r i f ic a t io n  is  not an inva riab le  consequence o f successional 
development. Robertson and Vitousek (1981), monitoring n i t r i f ic a t io n  
po ten tia ls  in  primary and secondary succession o f the Indiana Dunes 
on the southern edge o f Lake Michigan also re jected the hypothesis 
o f progressive in h ib it io n  o f n i t r i f ic a t io n  in  the course o f eco log i­
cal succession. On the other hand, Haines (1977), working in  forested 
areas o f South C aro lina, Oklahoma, Missouri and North Dakota, Lodhi 
(1975; 1977; 1978), and Lodhi and K illingbeck (1980) squarely side 
w ith  the concept o f in h ib it io n  o f n i t r i f ic a t io n  by la te  successional 
vegeta tion .
Whether the low n it ra te  leve ls  in  the black spruce ecosystem under 
consideration are a function  o f in h ib it io n  o f n i t r i f ic a t io n  due to  
a lle lo p a th ic  e ffe c ts  by the overstory vegetation would require  micro­
b ia l investiga tions in to  the species composition o f the fo re s t f lo o r  
in  combination w ith labora to ry  experimentation to  determine possible 
in h ib ito ry  e ffec ts  o f p lan t l i t t e r  or leachates on the m icrobial popu­
la t io n .  As Vitousek (1977) pointed o u t, small NO3 -N pools per se are 
in s u f f ic ie n t evidence fo r  in h ib it io n  o f n i t r i f ic a t io n .  In add ition  i t  
must be shown th a t NO3 -N production is  also low. For instance, a 
system in  which plants can take up n it ra te  more ra p id ly  than i t  can be 
produced w il l  have small NO3 -N pool s izes, while a system w ith  lower 
p lan t uptake and the same n i t r i f ic a t io n  range w il l  have higher pool 
s izes. A system w ith  a small pool o f n itrogen which turns over rap id ­
ly  may have as much n itrogen cyc ling  through the so il n it ra te  pool in
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a year as a system w ith a large pool th a t turns over more slow ly 
(V itousek, 1977). An added complicating fa c to r is  the p o s s ib i l i ty  
th a t p lants and decomposers outcompete the n it r i f y in g  population fo r 
substra te , namely NH4 -N.
By im p lica tio n , the d is p a r ity  in  n u tr it io n a l status o f the two 
black spruce stands studied here is  there fore  not only a re fle c tio n  
o f a d iffe rence  in  th e ir  s ta t ic  fo re s t f lo o r  N pool sizes at any 
given po int in  tim e, but may also re f le c t  d if fe re n t n itrogen f lu x  
rates through these pools during a specified  time in te rv a l.
15N Movement through Selected Pools o f Black Spruce Forest Floor 
Components
Atom % excess 15|\| determ ination
As a f i r s t  approximation to  describ ing ^5N movement through the 
nitrogen pools examined (Total N, RO-N, SO-N, NH4 -N, and NO3 -N) th e ir  
isotope ra t io s , expressed as atom % ^ N , are shown in  F igs. 13 through 
16. On the ^NH^Cl trea ted  p lo t a t Washington Creek (F ig . 13) the N 
pools o f the green and brown moss layers remained the most h igh ly  
lab e lled  over the three year period o f inves tiga tion  compared to  the 
combined 021+022 where atom % excess never exceeded 0 .5 . I f  changes 
in  isotope ra tio s  are taken as an ind ica tion  o f the dynamic nature o f 
n itrogen transform ations, then the moss laye rs , notably the green, are 
most ac tive  in  th is  respect. A fte r an in i t ia l  5-day isotope d ilu t io n  
in  a ll  N pools o f the green moss laye r (^ 5 N0 3 ~N atom % excess ^ N  
stayed constant) the SO-N and NH4 -N pools became increas ing ly  labe lled
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Figure 13. Atom percent excess 15^ d is tr ib u tio n  in  selected
pools o f fo res t f lo o r  on the permafrost-dominated s ite  
( 1 0 0 % ‘ ^Ni^Cl app lica tio n ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 8
as the to ta l N label continued to  decline u n til 20 days a fte r  a p p li­
ca tio n . Between 20 and 40 days SO-N and NH4 -N label dropped in  con­
junc tion  w ith an increase o f isotope in  the re c a lc itra n t RO-N pool. 
From 40 to  60 days the label reappears more s trong ly  in  to ta l and RO-N 
pools, while atom % excess ^5N in  the more ava ilab le  forms, such as 
SO-N, NH4 -N, and NO3 -N, stays low. At the end o f the f i r s t  growing 
season ( 1 0 0  days) almost equal amounts o f isotope occurred in  the 
to ta l and NH4 -N pools. The remaining N pools showed l i t t l e  enrichment 
a t th a t p o in t. During the second year o f the experiment to ta l N per­
sisted as the dominant form o f N ty in g  up the isotope, although 
was s t i l l  present at f a i r ly  high leve ls  in  the NH4 -N pools in  July 
1978 and SO-N pool in  Ju ly and August 1978. At the end o f the th ird  
growing season ^5N is  t ie d  up la rg e ly  in  the unavailable form at the 
expense o f ava ilab le  N pools, a pattern th a t was consistent at both 
black spruce s ite s  fo r  a ll  treatments and fo re s t f lo o r  components.
The brown moss laye r on the ^N fyC l treatment at Washington Creek 
showed fewer and more damped o s c illa t io n s  in  isotope ra tio s  o f the N 
pools examined, suggesting fewer instances o f n itrogen tra n s fe r (move­
ment from one pool to  another) occurring at a lower ra te  compared to  
the green moss layer above. This could be ascribed to  reduced temper­
atures in  th is  layer compared to  the moss surface, w ith  a concomitant 
reduction in  m ic ro b ia lly  mediated nitrogen m ine ra liza tion /im m ob ili­
zation processes. The lower atom % excess values encountered in  
th is  layer could be fu rth e r ind ica tion  o f a f i l t e r in g  action on the
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part o f the liv in g  moss tis su e .
Lowest isotope enrichment occurred in the combined 021+022 laye r. 
The f a i r ly  large natural SO-N pool present in  th is  layer ( c f .  Table 4 
and 6 ) was not labe lled  a t a ll  and the NH4 -N and NO3 -N pools showed 
very low enrichment, not exceeding 0.1 atom % excess ^ N .  Most o f 
the could be detected was contained in  the to ta l and RO-N
pools and movement between these unavailable and the more ava ilab le  
pools o f N appears to  having been kept at a minimum, ind ica ting  th a t 
nitrogen immobilization is  the dominant process in  th is  fo re s t f lo o r  
la ye r.
On the K^NOj treated p lo t a t Washington Creek s im ila r  re la t io n ­
ships between fo res t f lo o r  layers and nitrogen pools could be observed 
(F ig . 14). In the green and brown moss layers the SO-N pool became 
labe lled  e a rly  in  the f i r s t  growing season and at 2 0  days a fte r  a p p li­
cation showed highest enrichment leve ls  compared to  the other forms o f 
N. In the 021+022 layer the SO-N pool remained unlabelled fo r the 
duration o f the experiment as was the case on the 1 5 NH4 C1 treatm ent. 
Downward movement o f the isotope appeared re s tr ic te d  w ith  nitrogen 
tra n s fe r between N pools being most active in  the feather moss layers 
again emphasizing the importance o f the mosses as f i l t e r in g  agents.
In the 021+022 compartment to ta l and RO-N were the dominant forms o f N 
w ith regard to  atom % excess throughout the experimental period.
In the overlying feather moss layers became tie d  up in  to ta l and 
RO-N pools at the end o f the f i r s t  growing season and remained la rg e ly
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Figure 14. Atom percent excess d is tr ib u t io n  in  selected pools
o f fo re s t f lo o r  components on the permafrost-dominated s ite  
( 1 0 0 % KT5 N0 3  app lica tion )
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there u n t i l  the end o f the th ird  year o f sampling. Labelling o f the 
NO3 -N pool was low in  a ll  layers re fle c tin g  the small natural pool 
size o f th is  form o f n itrogen , low n it r i f ic a t io n  rates from other 
pools or rapid flow  o f small amounts o f NO3 -N through th is  pool.
Small atom % excess ^5N peaks on the ^N fy-N  curve a t time 60 in  
the green moss compartment and time 2 0  in  the brown moss, in  con­
ju n c tio n  w ith  a decrease in  to ta l and RO-N ^5N pools a t th is  tim e, 
would be in d ic a tiv e  o f low leve l n itrogen m ine ra liza tion  ra tes . 
S ig n ific a n t vascular p lant uptake can be la rg e ly  discounted because 
o f the low enrichment leve ls  in  th is  ecosystem compartment at the 
end o f the th ird  growing season ( c f .  Table 3 ). The vascular p lant 
component thus appeared to  exert reduced influence over the contro l 
o f system processes. The problem o f leaching w il l  be addressed in  
the section on selected parameters o f so il so lu tion  a t Washington 
Creek.
On the ^NH^Cl treated p lo t o f the perm afrost-free s ite  at 
Bonanza Creek (F ig . 15) N dynamics re flec ted  the more favorable 
physical and chemical regime compared to  Washington Creek. A fte r the 
i n i t i a l  lag in mixing o f the isotope w ith  the natural nitrogen pools, 
discussed e a r l ie r ,  ^N  incorporation  in to  the SO-N and NH4 -N pools 
exceeded th a t o f the to ta l and RO-N pools at 60 days a fte r  isotope 
a p p lica tio n  in  the green moss la y e r. The high ^ 5N content in the 
SO-N pool emphasizes fo re s t f lo o r  heterogeneity and v a r ia b i l i t y  be­
tween the two cores used fo r  to ta l and ava ilab le  determ ination,
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Figure 15. Atom percent excess d is tr ib u t io n  in  selected
pools o f fo re s t. f lo o r  components on the permafrost- 
free  s ite  (1 0 % 5 NH^ C1 app lica tio n )
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respective ly , since by d e f in it io n ,  the to ta l N pool cannot be ex­
ceeded by any other pool. W ithin 20 days, between time 40 and 60, 
rapid tra n s fe r o f the isotope took place from to ta l and RO-N pools. 
This was followed by renewed im m obiliza tion, i . e . ,  incorporation 
o f the isotope in to  the to ta l N pool and loss from the ava ilab le  
pool by the end o f the f i r s t  growing season. During the second 
year im m obilization and m ine ra liza tion  again switched back and 
fo r th ; i n i t i a l l y  the isotope appeared predominantly in  the unavail­
able forms and then declined there and became predominant in  SO-N 
and NH4 -N pools. A fte r three years, in  September 1979, atom % 
excess ^5N was again highest in  to ta l and RO-N fra c tio n s  while SO-N,
NH4 -N, and NO3 -N leve ls  declined to  th e ir  lowest p o in t. Extension
o f the experiment in to  another year would have shown whether immo­
b il iz a t io n  remained the major d riv in g  force or i f  m inera liza tion
would have continued to  play a ro le .
Nitrogen dynamics in  the brown moss component c lose ly  followed 
th a t o f the green moss w ith m ine ra liza tion  episodes evident between 
time 40 and time 60 o f the f i r s t  growing season and again at the end 
o f the second year. Isotope leve ls  a t the end o f the experimental 
period were also highest in  the unavailable forms RO-N and to ta l N.
In the 021+022 layer enrichment leve ls  were low, to ta l N and 
RO-N being the dominant detectable forms o f N th a t were la b e lle d .
The SO-N was not labe lled  and in  th is  respect the two black spruce 
s ite s  behaved id e n tic a lly .  A small peak in  the NH4 -N pool at the
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end o f the f i r s t  growing season ind icates th a t m ine ra liza tion  pro­
ceeded, a lb e it at a low ra te .
The N pools o f the K^NOg trea ted  p lo t a t Bonanza Creek (F ig . 16) 
were characterized by lower enrichment le v e ls ; comparable to  the same 
treatment at Washington Creek. Incorporation o f iso to p ic  label 
from th is  precursor in to  unavailable forms o f N was rapid in  a ll 
fo re s t f lo o r  layers compared to  the NH4 -N treatm ent. As isotope 
d ilu t io n  proceeded to ta l N and RO-N remained the predominantly 
lab e lle d  pools w ith few exceptions. The occurrence o f ^5N in  
re a d ily  ava ilab le  forms in  excess o f unavailable forms was r e s t r ic t ­
ed to  time 2 0  and 60 in  the green moss layer and time 1 0 0  in  the 
brown moss and 021+022 la ye rs . Three years a fte r  isotope app lica tion  
the 15N th a t could s t i l l  be recovered was almost exc lus ive ly  t ie d  up 
in  to ta l and RO-N pools o f a l l  three fo re s t f lo o r  components.
Thus, isotope ra tio s  o f selected n itrogen pools alone po in t out 
general d iffe rences and s im ila r it ie s  between the two black spruce 
s ite s . N pools o f both s ite s  showed high enrichment leve ls  in  the 
moss components whereas the large natural N pools in  the 021+022 
laye r were only s l ig h t ly  labe lled  suggesting impediment o f downward 
movement o f the isotope. The SO-N pool a t th is  depth remained un­
la b e lle d  throughout the experiment on perm afrost-free as well as 
permafrost-dominated s ite s , in d ica tin g  slow turnover (or great age) 
o f to ta l and RO-N pools in  the 021+022 la ye r.
At the end o f the experiment nitrogen became t ie d  up in  unava il­
able forms regardless o f s i te ,  treatment or fo re s t f lo o r  component.
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Figure 16. Atom percent excess d is tr ib u t io n  in  selected
pools o f fo re s t f lo o r  components on the permafrost- 
free  s ite  (100% K '5 N03  app lica tion )
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Im m obiliza tion /m inera liza tion  processes, in te rp re ted  from phased in ­
creases and decreases in  atom % excess 0f  the ava ilab le  vs. un­
ava ilab le  forms, were most pronounced on the ^NH^Cl treated p lo ts  o f 
both s ite s  re fle c tin g  the dominance o f and adaptation to  the u t i l i ­
zation o f ammonium in  the system. Higher s o il temperatures, mani­
fested by a greater number o f degree days at a depth o f 1 0  cm, higher 
to ta l N content and improved organic matter q u a lity  (lower C/N ra tio s ) 
o f the fo re s t f lo o r  a t Bonanza Creek seemed conducive to  more dynamic 
n itrogen transform ation processes in  the moss layers at th is  s ite  com­
pared to  Washington Creek. This in te rp re ta tio n  would complement f in d ­
ings by Skre and Oechel (1981) who compared seasonal photosynthetic 
patterns o f feather mosses on s im ila r black spruce s ite s . They con­
cluded th a t increased s o il n u tr ie n t content was p o s it iv e ly  corre la ted 
w ith higher photosynthetic rates in  the moss canopy.
Unit weight and u n it area determinations
Unit Weight
The great m a jo rity  o f studies tha t u t i l i z e  iso to p ic  tracers in 
ecosystem research extend th e ir  treatment o f the subject matter beyond 
discussing atom % excess ^ 5N values alone. An even be tte r understand­
ing can be gained about system properties i f  isotope ra tio s  are viewed 
in  the la rge r context o f u n it weight and u n it area expression. Thus, 
F igs. 17 through 20 show the amount o f contained in  a gram o f 
fo re s t f lo o r  layer fo r  the N pools examined on the two black spruce
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1977 (days) l978(months) 1979
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Figure 18. d is tr ib u tio n  (ug *g -l) in  selected pools o f fo res t 
f lo o r  components on the permafrost-dominated s ite  
(100% K NOo app lica tio n ) and seasonal temperature 
and p re c ip ita tio n  patterns
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Figure 19. 1 5  d is tr ib u t io n  (ug*g_1) in  selected pools o f fo re s t 
f lo o r  components on the perm afrost-free s ite  (1 0 % 
NH^ Cl ap p lica tio n ) and seasonal temperature and 
p re c ip ita tio n  patterns
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Figure 20. d is tr ib u tio n  (ug»g- ^) in selected pools o f fo res t 
f lo o r  components on the perm afrost-free s ite  ( 1 0 0 %
K ^NOg a p p lica tion ) and seasonal temperature and 
p re c ip ita tio n  patterns
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s ite s . I t  w i l l  be noted th a t 1 5 NH4-N pool dynamics are only shown 
fo r  green moss layers o f the ^5 NH4 C1 treatments (F igs. 17 and 19) 
and th a t ^NOg-N pool sizes are not shown at a ll  (F igs. 17 through 
20). When om itted, ^ 5 NH4-N and ^NOg-N pool sizes never exceeded 
0.20 and 0.07 ug*g~^, resp ec tive ly . C lim atic data (p re c ip ita tio n  
and fo re s t f lo o r  temperature) are included here since moss and 
substrate nitrogen cyc ling  processes have previously been lin ke d , 
w ith  varying degrees o f success, in  a wide array o f environments, 
to  seasonal c lim a tic  flu c tu a tio n s  (e .g . Belser, 1979; D ilks and 
P roctor, 1976a, 1976b; Flanagan and Van Cleve, 1977; Kowalenko,
1978; L o ftis  and Kurtz, 1980; P itk in , 1975; T a l l is ,  1959; W itty , 
1979).
On the ^ 5 NH4 C1 trea ted  p lo t a t Washington Creek to ta l and 
RO-'Sn were the dominant forms o f nitrogen w ith the green moss con­
ta in in g  the la rgest pool sizes (F ig . 17). N0 3 >^5N pools were small
in  a l l  three laye rs , never exceeding 0.07 ug*g"l o f la ye r. The 
SO-^n pool which is  prominent in  green and brown moss laye rs , is  
absent in  the 0 2 1 + 0 2 2  la ye r because o f the fa i lu re  o f the tra ce r 
to  be incorporated in  th is  pool on a ll treatments o f both s ite s  
in d ica tin g  low leve ls  o f m ine ra liza tion . In the green moss layer 
the S0 - ^ N  pool increased to  i t s  highest level 2 0  days a fte r  i n i t i a ­
tio n  o f the experiment as to ta l and R0-^N leve ls  declined. Since 
1 5 NH4-N and ^NOg-N pools remained low during th is  period i t  would 
fo llo w  th a t the peak in  the S0 - ^ n  pool at time 2 0  was a re su lt o f 
movement o f f rom to ta l and R0-^5N pools in to  th is  more soluble
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form o f N. The mechanism accounting fo r th is  movement could be re ­
lated to  15N m ine ra liza tion , some h yd ro ly tic  a c t iv ity  or leaching 
o f low molecular weight organic ^ N .  I t  also ind icates tha t the 
in i t i a l  decline in  to ta l and RO-^N pools is  not only a function 
o f simple isotope d ilu t io n ,  but also re fle c ts  isotope movement 
out o f these pools in to  the more ava ilab le  S0-^5N pool. A fte r 
time 20 and up to  time 40 a ll n itrogen pools declined in  the 
green moss la ye r. Between time 40 and time 60 there was a sharp 
r ise  in  the organic ^  pools as the SO-^N pool continued to  de­
crease. W ithin the 20 days th a t lead up to  the to ta l and R0-^N 
peaks c lim a tic  conditions were extreme. For approximately 8  days 
a fte r  the time 40 sampling fo re s t f lo o r  temperatures showed 
record highs while no p re c ip ita tio n  was recorded. That period was 
followed by d ra s tic a lly  lowered substrate temperatures while record 
ra in fa ll was recorded around time 50. From then on towards time 
60 fo res t f lo o r  temperature again started to  climb and p re c ip ita tio n  
events were reduced to  shower a c t iv i t y .  The build-up in  to ta l and 
R0 - l 5N pools o f th is  layer during the sampling in te rva l was not 
compensated fo r  by an equivalent decline in  the ava ilab le  pools.
One explanation fo r  th is  would be the uneven mixing o f label w ith 
fo res t flow  laye rs . I t  is  also possible tha t during periods o f 
desiccation, when photosynthesis is  in h ib ite d  by moisture stress 
(Skre and Oechel, 1981) n u tr ie n t ass im ila tion  and transformations 
are s im ila r ly  a ffec ted , slowing down the isotope d ilu t io n  trend
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
and a ffe c tin g  tissue  isotope ra tio s  in  such a way th a t an apparent 
increase in  to ta l and RO-^n pools is  recorded. With the resumption 
o f physio log ica l a c t iv ity  during a wetting cycle accelerated isotope 
d ilu t io n  through synthesis o f new tissue  may re su lt in  a decrease 
in  the unavailable pools w ithout a concomitant increase in  the 
ava ilab le  pools as was the case between time 60 and the end o f the 
growing season (time 1 0 0 ) .
Since n u tr ie n t uptake by the feather mosses from the substrate 
is  ra ther lim ite d , and only occurs by c a p illa ry  action when a con­
tinuous water f i lm  is  established between the moss tu f ts  and the 
substrate (Anderson and Bourdeau, 1955; Magdefrau, 1977; T a l l is ,  
1959) moss growth and n u tr ie n t ass im ila tion  are not subject to  
r ig id  interna lly-im posed pa tte rns . Instead, the a v a ila b i l i t y  o f 
water is  o f overrid ing importance. For example, P itk in  (1975), 
studying growth patterns in  co rtico lous  pleurocarpous mosses in  
England, determined th a t vegetative elongation growth was la rg e ly  
dependent on the p e r io d ic ity  and duration o f wetting cond itions.
This was confirmed by Bates (1979), Longton and Greene (1979) and 
Skre and Oechel (1981) fo r  Pleurozium schreberi. Temperature may 
act as a secondary c o n tro llin g  fa c to r , low temperatures in the 
f a l l  and ea rly  spring in h ib it in g  growth when p lan t water contents 
are otherwise optimal (Bates, 1979). Moisture has a lso been id e n ti­
fie d  as a major c o n tro llin g  fa c to r fo r  n itrogen f ix a t io n  by b lue-
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green algae association w ith  the feather moss canopy in in te r io r  
Alaska black spruce fo rests  (B ill in g to n  and Alexander, 1978).
Using as a tra c e r, the n itrogen fixed  by algae has been shown 
to  fo llo w  the upward movement o f water along the p lan t stem in  the 
case o f Sphagnum in  northern Sweden. Enrichment o f p lan t tops from 
la b e lle d  substrate occurred w ith in  two hours a fte r  app lica tion  
(B a s il ie r ,  1980). Although the ra te o f nitrogen f ix a t io n  (acetylene 
reduction) by blue-green algae is  generally considered to  be low 
( [le s s  than 1 nmol*g"^*h"^] B ill in g to n  and Alexander, 1978; B a s ilie r ,
1979) i t  may have been a co n tribu tin g  fa c to r in  the observed decline 
a fte r  time 60. W itty (1979) studying algal nitrogen f ix a t io n  on 
temperate arable f ie ld s  determined th a t f ix a tio n  markedly increased 
a fte r  a two-week period o f re la t iv e ly  heavy ra in fa l l  ( in  excess o f 
10 mm), but was unresponsive to  high s o il temperatures (15°C). The 
species involved in  nitrogen f ix a t io n  were Nostoc spp. and Anabaena 
s p ., o f which the former has been im plicated in  n itrogen f ix a t io n  in 
ep iphy tic  association w ith Sphagnum in  coniferous fo res ts  o f sub­
a rc t ic  Scandinavia (B a s il ie r ,  1979; 1980; Granhall and Lindberg, 
1978).
Bellamy and Rieley (1967) contended th a t any ions r is in g  w ith 
the c a p illa ry  water along the moss stem are e ith e r fixe d  a t exchange 
s ite s ,  presumably uneste rified  polyuronic acids in  the c e ll walls 
(Clymo, 1963), o r tha t ra in  fa l l in g  on the moss canopy continuously 
leaches the ions back in to  deeper laye rs . The la t te r  scenario
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suggests tha t the green moss laye r should become enriched w ith  and 
depleted o f in  response to  drying and wetting cycles, res­
p e c tiv e ly , surface evaporation being the d riv in g  force fo r  c a p illa ry  
water movement. I t  is  d i f f i c u l t  to  ascertain whether the present 
data bears th is  out since the above authors did not specify the 
threshold o f moisture content th a t would tr ig g e r  e ith e r downward 
movement or upward c a p illa ry  r is e  o f water containing the isotope.
On the other hand, Molchanova and Bochenina (1980) studying 
Hylocomiurn splendens and Pleurozium schreberi as accumulators o f 
radionuclides found th a t the stra tegy o f these species to  grow in 
dense "carpets" promotes long-tim e re ten tion  o f aqueous so lu tions . 
This re su lts  in  enrichment o f the mosses over time as rad ioactive  
substances a rrive  w ith  p re c ip ita tio n  and surface ru n o ff, a s itu a ­
tio n  somewhat analogous to  the f i l t e r in g  action o f exchange res ins , 
through high surface exchange capacity. The authors concluded th a t 
together w ith the slow growth and atrophy o f mossy vegetation and 
the absence o f shedding in  i t ,  the rate o f nuclide excretion is  
very low under natural cond itions . I f  the p r in c ip le  can be applied 
to  such stable isotopes as ^5N i t  would account fo r  the observed 
persistence o f ^5|\j i n the moss layers since at the end o f the th ird  
growing season over 95% o f the to ta l and RO-^n was contained in 
green and brown moss components.
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Superimposed over seasonal va ria tion s  in  15^ content in the moss 
layer due to  c lim a tic  events or periods favorable fo r  N f ix a tio n  are 
period ic  spurts in  dry matter production o f the mosses which would 
show up on the graph as accelerated isotope d ilu t io n .  In order to  
separate th is  la t te r  e ffe c t from simple physical isotope movement 
or b io lo g ica l N f ix a t io n , seasonal moss production measurements 
would be required.
The brown moss layer on the ^NH^Cl treatment at Washington 
Creek showed less pronounced flu c tu a tio n s  in  the smaller (compared 
to  green moss) to ta l and RO-^N pool sizes (F ig . 17). With increas­
ing depth from the green moss surface, temperature and moisture con­
d it io n s  can be expected to  be more stable and flu c tu a tio n s  in  b io ­
log ica l a c t iv it y  associated w ith  N transformations to  be damped.
This is  re fle c ted  in  reduced o s c illa tio n s  in  nitrogen pool s ize .
The d ip  in  to ta l and RO-^n pool sizes at the end o f the f i r s t  
growing season is  somewhat puzzling since movement in to  the SO-^N 
at th a t time did not fu l ly  account fo r  the decrease. Leaching in to  
the 0 2 1 + 0 2 2  laye r can be excluded as an explanation since no increase 
could be detected there , but leaching out o f the system e n tire ly  and/ 
or uptake and removal by trees cannot be discounted as a p o s s ib ili ty .  
The previously mentioned d ilu t io n  in  pool size due to  a production 
spurt can also be discounted since th is  part o f the moss plant 
is  not involved in  dry matter production any more. I t  is  possible
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tha t some o f the isotope moved upward in  response to  drying 
conditions prevalent p r io r  to  th is  sampling day.
In 021+022 layers is  t ie d  up v ir tu a l ly  completely in  to ta l 
and R0-^5N pools. Damped o s c il la t io n  peaks and troughs in  pool 
size during the f i r s t  growing season were m irro r images o f flu c tu a ­
tions  in  the brown moss layer above, ind ica ting  th a t some physical 
movement between the two compartments must have taken p lace. No 
m ine ra liza tion  was evident or what m inera liza tion  had taken place 
was associated w ith rapid removal o f i t s  products.
Since the brown moss laye r had higher C/N ra tio s  than the 
combined 021+022 layer (83 vs. 63, re sp e c tive ly ), i t  could be 
expected th a t ,  from th is  standpoin t, decomposition rates and re­
turn  o f ava ilab le  forms o f N to  the fo re s t f lo o r  would be greatest 
in  the 021+022 la ye r. The fa c t th a t th is  was not the case, indicated 
by permanently very small 1 5 NH4-N and 1 5 N03-N pool sizes and fa ilu re  
o f the SO-I^n pool to  e x h ib it any a c t iv it y ,  suggests th a t low 
temperature a t th is  depth was the c o n tro llin g  fa c to r in  nitrogen 
transform ations ra ther than substrate q u a lity .
^ N  pool sizes on the K^N03  trea ted  p lo t a t Washington Creek 
were lower in  green and brown moss compartments, but comparable to  
the ^NH^Cl treated p lo t in  the 021+022 layer (F ig . 18). A ll fo re s t 
f lo o r  components had small 1 5 NH4-N and 1 5 N03-N pool s izes, not ex­
ceeding 0.01 ug*g"l o f la ye r. The S0 - ^ n  pool showed peak maxima
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o f 1.2 and 0.7 yg*g"^ in green and brown moss laye rs , respective ly . 
A fte r i n i t i a l  im m obilization o f ^NOg-N in  to ta l and RO-^N pools 
th e ir  s ize was subject to  only small amounts o f f lu c tu a tio n s  fo r  the 
duration  o f the experiment. The peak in  to ta l and RO-^N pool sizes 
in  the 0 2 H 0 2 2  layer at time 40 would ind ica te  downward movement o f 
the isotope. This trans loca tion  seemed to  have been re la ted to  pre­
c ip ita t io n  events as there was frequent ra in fa l l  p r io r  to  tha t 
sampling date. Since there was no accumulation o f ^NOg-N at th is  
depth the isotope must have moved in  organic form, was qu ick ly  
immobilized in  th is  compartment to  organic N or leached beyond th is  
zone. Organic forms o f n itrogen th a t would be involved were probab­
ly  p ro te in  complexes or other low molecular weight compounds such 
as amino acids and amino sugars. Greenfield (1979) presented ev id ­
ence th a t the bulk o f so il organic N occurs in  th is  form.
I t  should be emphasized a t th is  point th a t the 15N pool sizes 
measured are not wholly a ttr ib u ta b le  to  p lan t n itrogen . Nitrogen 
incorporated in  l iv e  and dead m icrobial and inve rteb ra te  tissue 
was not d istingu ished from th a t o f l iv e  and dead p lan t material 
since no attempt was made to  measure m icrobial n itrogen separately 
from l iv e  and decomposed p lan t m a te ria l. Consequently, the organic 
15n recovered in  brown moss and 0 2 1 + 0 2 2  layers does not so le ly  
represent s tru c tu ra l n itrogen form erly in the green compartment. I t  
may p a r t ia l ly  represent N m ineralized from decomposing p lant m ateria l 
and subsequently immobilized in  m icrobial tis su e .
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dynamics invo lv ing  ^NOg-N as the precursor pool has again 
been shown to  be sluggish compared to  ^5 NH4 -N. Nitrogen transforma­
tions  invo lv ing  NO3 -N, such as n i t r i f ic a t io n  and ammonification 
appeared to  have taken place a t low ra tes. The adaptation o f the 
system as a whole to  the dominance o f ammonium seemed to  have 
c u rta ile d  nitrogen transform ations w ith ^NOg-N as an intermediate 
or term inal product. However, besides rapid loss from the system 
as a whole, i t  could also be argued th a t NO3 -N is  such a "rare  and 
prized commodity" tha t i t s  accumulation in  the system fo r  any length 
o f time was prevented by immediate p lant and m icrobia l uptake and 
conversion to  organic forms o f N, i . e . ,  the ra p id -flu x  scenario 
o ffe rs  i t s e l f  again as a possible explanation.
The ^ N H ^ l treatment o f the perm afrost-free s ite  a t Bonanza 
Creek re fle c ted  the more favorable thermal and substrate q u a lity  
regime o f the s ite  compared to  Washington Creek (F ig . 19). Nitrogen 
in  the SO-^N pool played a more pronounced ro le  in  green and brown 
moss components. ^ 5N in  to ta l and RO-^n pools appeared to  have 
been sh ifte d  phys ica lly  from the green through brown in to  the 
021+022 compartment w ith in  5 days a fte r  app lica tion  o f the tra ce r 
as ind ica ted by the decline o f these pools in  the green moss and 
th e ir  increase in  the 021+022 la y e r. Heavy p re c ip ita tio n  on the 
day before sampling could have been responsible fo r  the observed 
s h if t  in  pools. Between 5 and 40 days a fte r  the beginning o f the 
experiment organic pool sizes in  the 0 2 1 + 0 2 2  laye r decreased in
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conjunction w ith increases o f organic pool sizes (inc lud ing  S O -^n) 
in  green and brown moss. The decrease in 02H022 did not account 
f u l ly  fo r  a ll  o f the increase in  the fo res t f lo o r  layers above, 
again po in ting  to  the problem o f instantaneous and homogeneous mix­
ing o f label w ith the medium to  which i t  was applied .
I t  should be reca lled at th is  point th a t the ^NH^Cl app lica tion  
a t Bonanza Creek was only a t 10% o f the ava ilab le  pool size compared 
to  100% at Washington Creek. The reason th a t atom % excess ^5N and 
hence ug l 5 N*g- l values a t Bonanza Creek f e l l  w ith in  the range o f 
Washington Creek data is  re la ted to  the large natural NH4 -N pool 
size at Bonanza Creek which required tha t the 10% ^NH^Cl dose be 
almost as large as the 100% ^NH^Cl dose a t Washington Creek (c f .  
Table 3 ). One question th a t arises and is  presently unanswered 
addresses the problem o f concentration dependence o f reaction ra tes,
i . e . ,  was there a more rapid d ilu t io n  and movement o f the isotope 
through the fo re s t f lo o r  a t Bonanza Creek as compared to  Washington 
Creek since the app lica tion  ra te  was only equivalent to  10% o f the 
NH4 -N pool size? This question can be extended to  include reaction 
k in e tic s  on K^NOg vs. ^N fyC l treated p lo ts  since the former 
received a much smaller app lica tion  o f 15N than the la t te r .  An 
experimental design resembling the study o f enzyme k in e tic s  whereby 
reaction ve lo c ity  is  re la ted to  substrate concentration might be 
a useful approach to  resolve th is  problem.
Between time 40 and time 60 there was a dramatic increase in  the
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S0J5N pool o f green moss layer and to  lesser extent in  the ^NH^-N 
pool. The SO-^N pool o f the brown moss s im ila r ly  showed an in ­
crease while i t s  ^NH^-N was not affected by any m ine ra liza tion  o f 
to ta l or RO-^n. 15^ pools o f the 0 2 1 + 0 2 2  layer were unaffected 
by the nitrogen transform ation occurring above in d ica tin g  l i t t l e  
v e rtica l transform ation o f jhe p re c ip ita tio n  pattern during
th is  active  period o f s h if t in g  pool sizes was characterized by 
frequent ra ins o f increasing magnitude. The apparent response to  
th is  wetting cycle was m ob iliza tion  o f nitrogen from unavailable 
to  more read ily  ava ilab le  forms, ind ica ting  tha t conditions p r io r  
to  th is  were not as conducive to  m icrobial m ine ra liza tion  processes. 
Nitrogen f ix a t io n  has also been shown to  be affected by ra in fa ll 
pa tte rns. L o ft is  and Kurtz (1980), examining N added to  so il by 
ra in fa ll and blue-green algae in  west Texas determined th a t f re ­
quent showers caused N f ix in g  organisms to  be more ac tive  than 
when the same amount o f ra in fa l l  occurred at one tim e.
A fte r time 60, up to  the end o f the growing season, a drying 
cycle prevailed which apparently was unfavorable fo r  fu r th e r 
m ine ra liza tion  episodes. In the green moss layer SO-^N and ^NH^-N 
pool sizes decreased and ^5N was again sh ifted  to  the more reca l­
c it ra n t  R0-15n pool, while brown moss pool sizes decreased s l ig h t ly ;  
l i t t l e  or no a c t iv ity  could be detected in  the 0 2 1 + 0 2 2  component. 
From th is  discussion i t  emerges tha t the scenario proposed by 
Bellamy and Rieley (1967), whereby water and n u trie n ts  contained
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there in  are leached to  lower layers in  response to  w etting condi­
t io n s , does not fu l ly  explain the mechanism o f dynamics in  the 
fo re s t f lo o r  o f black spruce ecosystems. In the present study the 
wetting cycle d id not appear to  have flushed n itrogen in to  lower 
laye rs . Instead i t  triggered release o f from the unavailable 
to  ava ilab le  forms which remained in  the green moss la y e r .
In Ju ly 1978, a fte r  the f i r s t  overw intering season, almost 
a ll o f the 15^ in  the moss layers was tie d  up in  to ta l-a n d  RO-^N 
pools. There was also a peak in  organic ^5N pools o f the 021+022 
layer a t th is  tim e, re fle c tin g  some downward movement o f 
during the sampling in te rv a l.  Between July and August o f 1978 
another burst in  nitrogen m ob iliza tion  had taken place in  the green 
moss la y e r. The libe ra ted  appeared in the SO-^N pools o f a l l  
fo res t f lo o r  layers in  August 1978 at a time when fo re s t f lo o r  
temperatures were on the increase as p re c ip ita tio n  a c t iv it y  
decreased. By the end o f the experiment, in  September 1979, n it r o ­
gen had again become tie d  up in  to ta l and RO-^N pools o f a ll fo re s t 
f lo o r  la ye rs . I t  would probably require the m onitoring o f subsequent 
seasonal trends in  order to  determine w ith c e rta in ty  whether ty ing  
up o f i n unavailable form p r io r  to  the onset o f w in te r is  a 
consistent pattern re fle c tin g  nitrogen conservation in  the system.
The C/N ra t io  re la tionsh ips  in  the fo res t f lo o r  are s im ila r  to  
the s itu a tio n  a t Washington Creek, being lower in  the 021+022 than
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in the brown moss layer above in d ica tin g  tha t temperature con tro ls  
ra ther than substrate q u a lity  appeared to  have been the c ru c ia l 
fa c to r in  determining decomposition and n u tr ie n t transform ation 
processes the re .
From weekly temperature measurements taken at the fo re s t f lo o r  
surface and organic/m ineral so il in te rface  some in s ig h t can be 
gained in to  the e ffe c t o f temperature on fo res t f lo o r  n itrogen 
m ine ra liza tion /im m ob iliza tion  reactions. A fte r the steady r ise  o f 
the temperature curve during the summer there was an eventual de­
c lin e  at the end o f the growing season in  response to  cooler ambient 
temperature. This decline was associated w ith  ty in g  up o f in 
unavailable pools o f the green moss la y e r, suggesting tha t tempera­
tu re  may have become lim it in g  to  fu r th e r nitrogen m ine ra liza tion  
processes. I t  would be useful to  devise rigorous experimental pro­
cedures so th a t temperature-moisture response surfaces fo r  nitrogen 
m ine ra liza tion  could be constructed in  order to  c le a r ly  separate 
the e ffe c t o f temperature from those o f moisture regimes and th e ir  
respective c o n tro llin g  in fluence over n itrogen transfo rm ations.
The K^NOj treatment at Bonanza Creek (F ig . 20) showed the 
now fa m ilia r  pattern o f delayed m ixing, small ava ilab le  ^5N pool 
sizes th a t showed l i t t l e  flu c tu a tio n  during the three year period 
and most o f the ^5N being t ie d  up in  to ta l and RO-N. The peak in 
the 0 2 1 + 0 2 2  laye r at time 60 occurred a t the end o f a twenty-day
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wetting cycle and re fle c ts  downward movement o f tagged N. In July 
1978 organic had moved up from 021+022 and reappeared as a 
small peak in  the organic pools o f the brown moss la ye r. At the 
end o f the experiment in  September 1979, nitrogen was again se­
questered in  unavailable pools o f a l l  layers.
Unit area
Expression o f data on a u n it area basis (F igs. 21 through 24) 
can be used as a check on data in te rp re ta tio n  from the previous 
section which employed u n it weight measures. Furthermore, un it 
area determ inations allow  the form ulation o f a balance sheet fo r  
recovered since amounts fo r  the o rig in a l app lica tion  were calcu­
la ted  in  th is  manner. Soluble organic ^N .N H ^-^N , and pool
dynamics not exceeding 0 . 6  mg*m" 2 were omitted from the fig u re s .
From Figs. 21 through 24 i t  becomes immediately c lea r th a t the bulk 
o f the isotope is  contained in  to ta l and R0-^5N pools and th a t the 
0 2 1 + 0 2 2  laye r is  the major storage laye r when expressed in  terms o f 
mg*m"2. Even though atom % excess values were very low in  the 
0 2 1 + 0 2 2  la y e r, i t s  great mass, compared to  the low density moss 
la ye r, makes i t  the dominant compartment w ith respect to  content. 
Natural v a r ia tio n  in fo re s t f lo o r  thickness enters in to  the calcu­
la tio n s  and is  re flec ted  in  the w idely varying seasonal ^5N content 
o f the 021+022 laye r. I t  can nevertheless be seen th a t to ta l and 
R0 -^ N  pool size va ria tions  c lose ly  resemble those determined by
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Figure 21. d is tr ib u tio n  (mg*m- 2) in  selected pools o f fo res t 
f lo o r  components on the permafrost-dominated s ite  
( 1 0 0 % ' 5 NH^ C1 app lica tion )
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Figure 22. ^5N distribution (mg*nr2) in selected pools of
forest floor components on the permafrost-
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Figure 23. 15N d is tr ib u t io n  (mg-g"2) in  selected pools o f 
fo re s t f lo o r  components on the perm afrost-free 
s ite  (10% NH^Cl ap p lica tion )
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Figure 24. ^  d is tr ib u t io n  (mg*g“ 2) -jn selected pools o f
fo re s t f lo o r  components on the permafrost- 
free  s ite  ( 1 0 0 % K^NOg a p p lica tion )
sO00
the u n it weight method. For example, the peak in  to ta l and RO-^N 
pools o f the moss layer on the Washington Creek ^ 5 NH4 C1 treatment 
at time 60 (F ig . 21) occurred regardless o f method used ( c f .  F ig. 
17). On the Bonanza Creek ^NH^Cl treatment (F ig . 23) the same 
observation can be made fo r  the Ju ly 1978 sampling date (c f .  Fig. 
19). pools o f green and brown moss layers on the K^NOg t re a t­
ed p lo ts  o f both s ites  showed l i t t l e  va ria tio n  a fte r  isotope a p p li­
cation which is  in  agreement w ith  the u n it weight method o f data 
presentation (F igs. 22 and 24).
Varia tions in  ^5N content o f the smaller ava ilab le  pool sizes 
d id  not show up as well as when the data was expressed as ug*g_l o f 
la ye r. This may be considered a lack o f s e n s it iv ity  tha t makes the 
u n it area method o f expression less desirable in  th is  instance. 
Recent l i te ra tu re  dealing w ith nitrogen m in e ra liza tio n /im m o b iliza ti< 
processes and employing as a tra ce r s im ila r ly  used ug*g“  ^ in  
th e ir  discussion o f resu lts  (Amato and Ladd, 1980; Ladd and Amato, 
1980; Ladd e t al_., 1977; Sorensen, 1981).
The balance o f th a t could be recovered from the fo res t 
f lo o r  components fo r  the duration o f the experiment is  shown in  
F ig . 25 a t Washington Creek and F ig . 26 at Bonanza Creek. Since 
the o r ig in a l app lica tion  o f was based on previously deter­
mined ava ilab le  pool sizes (NH4 -N and NO3 -N) o f the combined 
0 2 1 + 0 2 2  laye r and a fixed  0 2 1 + 0 2 2  layer depth, fo re s t f lo o r
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
Time Since Isotope Application
Figure 25. Total fo re s t f lo o r  isotope recovery (% )  based on 
mg, 5 N*m- 2  on the I 5 NH^ C1 and KI 5 N0 3  treated p lo ts  
a t the permafrost-dominated s ite .  Values above 
data points ind ica te  to ta l recovery from a ll  
fo re s t f lo o r  layers.
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Figure 26. Total fo re s t f lo o r  isotope.recovery {% )  based on 
mg'^N’nT^ on lb NH4Cl and Kl 5 N03  trea ted  p lo ts  a t 
the perm afrost-free s ite .  Values above data 
points ind ica te  to ta l recovery from a ll  fo res t 
f lo o r  laye rs .
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v a r ia b i l i t y  and uneven penetration o f the fo re s t f lo o r  by the isotope 
during the experimental period could show up as recovery in  
excess o f o r ig in a l a p p lica tio n . In order to  avoid th is  the 
highest value fo r  recovered (mg^N*m“ 2 ) was designated 1 0 0 % 
recovery. In the l ite ra tu re  th a t was examined only one instance 
o f recovery in  excess o f 100% was reported (Legg and A llis o n ,
1967) and w ithout any explanation.
Figure 25 shows percentages o f recovered from fo re s t f lo o r  
components on the two treatments (^NH^Cl and K^NOg) at Washington 
Creek. Recovery o f ^5N was equivalent to  100% on both p lo ts  a fte r  
an i n i t i a l  lag period o f 5 days. Subsequently most o f the ^  
could be recovered from the 0 2 1 + 0 2 2  layer u n til the end o f the 
experiment in  September 1979. At tha t po in t recovery was higher 
in  the green moss than in  0 2 1 + 0 2 2  on the ^NH^Cl trea ted  p lo t ,  but 
not on the K^NOg treatm ent, in d ica tin g  the higher m o b ility  o f the 
anion on one hand and the conservation o f the cation on the o ther. 
This would be consistent w ith modern theories o f ecosystem strategy 
whereby the system w il l  conserve p o te n tia lly  l im it in g  m ateria ls by 
concentrating them and w ithholding them from d ilu t io n  and loss 
(Callaghan, 1980; Shaver, 1981; Welsh, 1980). The fo re s t f lo o r  com­
partment responsible fo r  the conservation e f fo r t  appeared to  have 
been the moss layer in  general and the green moss component in 
p a r t ic u la r .  Since recovery o f ava ilab le  forms o f ^5N was low in  a l l  
layers (S0 - ^ N  recovery never exceeded 1 . 8 %; ^NH^-N and ^5 N0 3 ~N 
never exceeded 0.4% at Washington Creek and 2.4 and 0.4%,
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respective ly  at Bonanza Creek) n itrogen conservation seemed to  have 
been accomplished by a combination o f quick conversion o f N from 
ava ilab le  to  unavailable forms (rap id  flow  through the ava ilab le  
pools) and eventual sequestering o f these forms in the fo res t f lo o r . 
This pattern also held at Bonanza Creek (F ig . 26).
Weetman (1968) and Weetman and Timmer (1967), working in 
eastern Canadian black spruce ecosystems, proposed th a t there is  a 
p a rtia l interdependence between the vascular plants and the feather 
mosses th a t grow beneath them. The vascular overstory provides the 
shade and the enriched th rough fa ll essentia l fo r moss growth. The 
mosses by th e ir  a b i l i t y  to  in te rcep t nu trien ts  and dust in  p re c ip ita ­
tio n  and by th e ir  rapid decomposition [ s ic ]  provide a source o f 
rea d ily  ava ilab le  nu trien ts  to  the vascular component which is  grow­
ing on organic accumulations tha t decompose very slow ly (Weetman,
1968). I t  should be pointed out th a t m odifica tions in  th is  scenario 
can be expected over the wide geographic range o f black spruce eco­
systems where loca l c lim a tic  influences vary in  se ve rity . Thus, 
decomposition rates and n u tr ie n t re turn  by the mosses to  vascular 
p lants can be expected to  decrease w ith  increase in  la t itu d e  as was 
borne out by low enrichment leve ls  in  whole plants o f the vascular 
component a t the end o f the experimental period (c f .  Table 3 ). In 
a d d itio n , as shown by Van Cleve and Alexander (1981), topographic 
contro l o f system structu re  and function  can be s trong ly  expressed 
on the loca l le v e l.  Local m icroc lim atic  and microtopographic
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regimes which in  in te r io r  Alaska can determine the absence or pre­
sence o f permafrost, fo r  example, would then superimpose th e ir  
l im ita tio n s  on the general la t itu d in a l con s tra in ts . Evidence fo r 
th is  was provided by the seemingly more dynamic nitrogen trans­
formation processes on the perm afrost-free s ite  a t Bonanza Creek 
compared to  the permafrost-dominated s ite  at Washington Creek.
Recovery patterns o f ^5N at Bonanza Creek again bring up the 
problematic assumption o f homogeneous and instantaneous mixing of 
label in  b io log ica l systems (Robertson, 1957; Wilde, 1955; Wrenshall, 
1955), since 100% recovery o f the tra c e r, to  be expected at the on­
set o f the experiment was not accomplished u n til the second growing 
season on the ^NlfyCl trea ted  p lo t and u n til 60 days a fte r  a p p li­
cation on the K1 5 N03  treatment (F ig . 26). I t  becomes apparent tha t 
the surface applied isotope penetrated the fo res t f lo o r  unevenly, 
re su ltin g  in  pockets tha t may have been more h igh ly  enriched than 
immediately adjacent areas. Forest f lo o r  inhomogeneities would 
cause th is  non-uniform d is tr ib u t io n , where old root channels or dead 
roots fo r  example, could act as rapid conduit or impediment to  
v e rtic a l movement o f the isotope in  so lu tio n . The problem o f fo rest 
f lo o r  heterogeneity was addressed above and so il so lu tion  n u trien t 
concentration appears to  be subject to  s im ila r v a r ia tio n s . Chapin 
(1980) reviewing the mineral n u tr it io n  o f w ild  p lants stated tha t a 
2- to  3 -fo ld  va ria tio n  in  so il so lu tion  concentration w ith in  a few 
centimeters is  not uncommon.
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This is  a somewhat troublesome problem th a t would c e rta in ly  make a 
mathematical treatment o f flow  and tra n s fe r rates very d i f f i c u l t  i f  
not im possible. Shipley and Clark (1972) in  th e ir  tre a tis e  on 
tra c e r methods fo r in  vivo k in e tic s  stated th a t formulae fo r  non­
steady-state systems, such as would have to  be employed in  th is  case, 
are very complex. They re s tr ic te d  th e ir  treatment o f the subject 
matter to  the deriva tion  o f formulae fo r  only one pool tha t receives 
no re flu x  from other pools and has constant tra n s fe r ra tes. A ll 
assumptions tha t c le a r ly  were not met by the dynamic system under 
in ve s tig a tio n  here. To overcome the problem o f mixing o f the iso ­
tope and simulate steady-state conditions i t  might be necessary to  
tra n s fe r fo re s t f lo o r  m ateria l to  the laboratory and tre a t i t  there 
under conditions o f con tro lled  moisture and temperature. A r t i f ic ia l  
environment can be useful in  e lim ina ting  or c o n tro llin g  environ­
mental parameters th a t might otherwise be d i f f i c u l t  to  understand in  
the f ie ld .
The lack of instantaneous and homogeneous mixing o f label w ith 
substra te , especia lly  in  the case o f Bonanza Creek, should not de­
t ra c t  from the more descrip tive  approach to  describ ing nitrogen 
dynamics in  black spruce fo re s t f lo o r ,  th a t had been chosen fo r  th is  
d iscussion.
Selected Parameters o f Soil Solution at Washington Creek
Lysimeters have been w idely used in  a g ricu ltu re  and fo re s try
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fo r  over 250 years (Cole e t al_. 1961). They have been commonly 
employed to  study leaching losses (Overrein, 1968; 1969), 
f e r t i l i z e r  movement (Patwary and Raikovich, 1979) and evapotrans- 
p ira t io n  (Fritschen et al_., 1977). D iffe re n t types o f lysim eters 
and th e ir  usefulness and app lica tion  fo r various f ie ld  conditions 
were recently  reviewed by S ilkworth and Grigal (1981) and Van der 
Ploeg and Beese (1977). I t  is  genera lly agreed th a t the in s ta lla ­
t io n  o f tension p la te  lysim eters w i l l  re su lt in  the lea s t amount of 
disturbance to  the so il p ro f i le  above (Cole, 1958; Goh et 1979). 
Cochran e t a l_., (1970) and Goh et al^, (1979), however, cautioned th a t 
estimates o f n u trien ts  passing through the plates and volume o f 
leachates co llec ted  can be h igh ly  va riab le . Thus, Cochran e t a l . ,  
(1970) measured leachate volumes from plates maintained at a constant 
tension th a t varied between 1.9-629.9% o f the to ta l water applied 
through ra in fa l l  and/or ir r ig a t io n .  Amounts o f K passing through 
the plates ranged from 0 . 0 2 - 8 6 . 1 % o f tha t applied a t the surface.
For the purpose o f th is  study plates were in s ta lle d  p rim a rily  
to  q u a lita t iv e ly  monitor export in  the so il so lu tion  from the 
fo re s t f lo o r  to  deeper layers and to  fu rth e r evaluate the f i l t e r in g  
capacity o f the moss layer w ith regard to  N movement. Q u a n tifi­
cation o f water movement per se was considered o f secondary import­
ance. Table 11 shows d a ily  water movement rates through the fo res t 
f lo o r  a t Washington Creek. Volumes co llected from the two plates 
on the ^NH^Cl treated p lo t showed c loser agreement than from the
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plates on the K^N0 3  treated p lo t .  The reason fo r the observed 
v a r ia b i l i t y  in  d a ily  flu x  rates can be a ttr ib u te d  to  d ifferences 
in  fo re s t f lo o r  moisture rentention and flow  properties o f the 
layers in  combination with the ir re g u la r ity  o f laye r thickness at 
the two loca tions w ith in  the ind iv idu a l p lo ts . I f  there was 
la te ra l flow  to  plate surfaces d a ily  flow  rates may have been over­
estimated (Cochran e t al_., 1970).
Percent N, C, and ^/N ra tio s  fo r  the so il so lu tion  co llected 
is  shown in  Table 12. Percent N in  the so il so lu tion  was inva ria b ly  
higher and %C lower than the fo re s t f lo o r  components i t  passed 
through ( c f .  Table 4 ), re su ltin g  in  generally lower C/N ra tio s  o f 
the m ateria l analysed. This would ind ica te  conditions somewhat more 
conducive to  decompositon and release o f o rgan ica lly  bound N (Nommik 
and Popovic, 1971; Van Cleve, 1974) compared to  the fo re s t f lo o r  
proper. On the other hand, C/N ra tio s  o f 30-50 are probably s t i l l  
high enough fo r  microbes to  be e ffe c tiv e  competitors in  N re tention 
in  the s o il so lu tio n . Release o f N in to  th is  medium from the fo res t 
f lo o r  la ye rs , must be extremely slow as enrichment leve ls  o f so il 
so lu tion  N were low on the ^NH^Cl treated p lo t .  Since vascular 
understory plants and th e ir  roots were also poorly tagged plant 
uptake cannot be the major responsible pathway by which N is  pulled 
out o f the n u tr ie n t cyc ling  scheme. Nitrogen im m obilization and 
storage (inc lud ing  re ten tion  o f the p o s it iv e ly  charged NH4 -N 
ion) in  fo re s t f lo o r  laye rs , inc lud ing  the mosses, emerge as the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
Table 11. Quantities o f so il so lu tion  (1 *m- 2 *day) passing through 
the fo rest f lo o r  on ^NH^Cl and K^NOg treated p lo ts  o f 
the permafrost-dominated s ite  during the summer o f 1978.
1 5 NHaC1 A pp lic . K1 5 N0 o Appli c .
Date PI ate 1 Plate 2 Plate 1 Plate 2
7/26 11.53 12.37 8.56 2.56
8/3 8.36 8 . 0 1 5.72 1.79
8/16 2 . 0 2 2.23 0.27 0.67
8/23 4.94 5.44 2.97 1.15
8/30 5.23 - 1.24 5.36
9/6 3.87 5.86 4.62 1 . 0 0
9/19 2.81 3.29 3.25 0.73
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major agents acting on nitrogen dynamics in  these ecosystems.
On the K*^N0 3  trea ted p lo t nitrogen export below the fo res t 
layers was indicated by a pulse in  atom % excess ^5N in  the so il 
so lu tion  on August 3, and a second, smaller one on Sepember 6 
(F ig . 27). Both export peaks were preceded by ra in fa l l  although 
frequent and heavy ra in  during the second h a lf o f August did not 
cause additional removal o f 1 5 N. This ind icates tha t the m a jo rity  
o f tha t could be leached on the K^NOg treated p lo t was removed 
ea rly  on in  the experiment. Low rates o f ^5N movement in  the so il 
so lu tion  were recorded between August 23 and September 6 , a period 
w ith  almost no p re c ip ita tio n . On the 1 5 NH4 C1 treated p lo t atom % 
excess values o f the so il so lu tion  were much lower re fle c tin g  re ­
duced N export on th is  treatment compared to  the K*^N0 3  treated p lo t .  
This confirms the e a r lie r  contention th a t the negative ly charged 
NO3 -N ion is  subject to  leaching losses below the 021+022 la ye r, the 
major rooting zone in  these two black spruce stands.
Table 13 shows d a ily  to ta l N, C, and movements through the 
fo re s t f lo o r  in  so il so lu tio n . Expressed th is  way i t  can be shown 
th a t tagged N moving w ith the so il so lu tion  represents only a small 
fra c tio n  o f the to ta l N. The 0.0591 and 0.0759 mg o f 15N co llected 
from p la te  1 and p la te 2  on the ^NH^Cl treated p lo t represented only
0.02 and 0.04%, respective ly o f to ta l N th a t moved through the fo res t 
f lo o r  p ro f i le  during the experimental period. Quantities o f ^5N from
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Table 12. Percent to ta l N, %C and C/N ra tio s  o f the s o il so lu tion  
on ^5 NH4 C1 and K*^N0 3  treated p lo ts  o f the permafrost- 
dominated s ite  during the summer o f 1978
1 5 NH4 C1 k1 5 no3
Date Plate 1 Plate 2 Plate 1 Plate 2
7/26 1.05 0.97 0 . 8 8 0.69
8/3 0.75 0.69 0.64 0.63
8/16 1.31 - 1.44 -
8/23 0.79 0.76 0.78 0.95
8/30 1 . 0 2 0 . 6 8 0.87 0.67
9/6 0.99 0.54 0.75 -
9/19 0.72 0.90 0.85 0.72
7/26 32.97 39.31 31.77 30.68
8/3 30.54 26.22 32.74 33.55
8/16 28.99 - 29.16 -
8/23 30.89 28.72 30.95 32.35
8/30 34.14 29.25 33.29 31.25
9/6 35.34 30.11 32.30 -
9/19 34.12 43.36 32.44 31.54
7/26 31.40 40.53 36.10 44.46
8/3 40.72 38.00 51.16 53.25
8/16 22.13 - 20.25 -
8/23 39.10 37.79 39.68 34.05
8/30 33.47 43.01 38.26 46.64
9/6 35.70 55.76 43.07 -
9/19 47.39 48.18 38.16 43.81
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Table 13. Total C, N, and ^5N movement (mg*m"2.(|ay - l ) -jn so-j-j 
so lu tion  on ^NH^Cl and K^NOg treated p lo ts  o f the 










7/26 10.41 11.46 8.52 1.77
8/3 4.86 5.33 3.94 1 . 1 1
8/16 5.12 - 1.95
NTot. 8/23 2.53 2.98 2.56 1.37
8/30 4.18 - 0.37 4.33
9/6 1.48 1.79 1.50 -
9/19 1 . 6 8 2.32 2.99 0.44
Total *247.47 174.95 177.89 65.12
7/26 328.74 465.27 307.78 78.83
8/3 197.91 2 0 2 . 6 8 201.32 59.27
8/16 113.33 - 39.51 -
cTot. 8/23 99.04 112.73 101.70 46.78
8/30 139.97 - 14.02 2 0 2 . 1 1
9/6 52.76 99.85 64.71 -
9/19 79.66 111.72 114.09 19.39
Total *8106.98 9511.92 5382.05 3764.14
7/26 0 . 0 0 1 0 0.0034 0.0009 0.0023
8/3 0.0024 0.0005 0.0158 0.0029
8/16 0.0015 - 0.0018 -
15|\|** 8/23 0.0015 0.0003 0.0015 0.0004
Tot. 8/30 0 . 0 0 0 0 - 0 . 0 0 0 0 0.0004
9/6 0 . 0 0 0 0 0.0013 0 . 0 0 2 1 -
9/19 0.0003 0 . 0 0 2 1 0 . 0 0 0 0 0 . 0 0 0 2
Total 0.0591 0.0759 0.1966 0.0841
*mg/m2  fo r  the duration o f the experiment
**Iso tope applied a t a rate o f 310.40 and 101.81 mg*m“ ^ on ^NH^Cl
and K*5 N0 3  p lo ts , respective ly  ( c f .  Table 3)













NH^C! treatment - plate !
-plate 2
•  KioN03 treatment-plate I
plate 2
10 20 30 40 50 60
8/3 8/16 8/23 6/30 9 /6  9/19
Time Since Isotope Application (days)
Figure 27. Atom percent excess in  the so il so lu tion  o f 
NH^Cl and K '5 N0 3  treated p lo ts  a t Washington 
Creek in  1978 and p re c ip ita tio n  data fo r  tha t 
summer
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the K1 5 N03  trea ted p lo t were la rg e r, as could be expected, but s t i l l  
only made up 0.11 and 0.13% o f to ta l N co llected from p la te  1 and 
p la te  2, respective ly . These percentage values are also fa i r ly  
representative o f the amount o f ^5N tha t moved through the respective 
treatment p lo ts  when calculated on the basis o f the o r ig in a l isotope 
a p p lica tio n . S p e c if ic a lly , o f the 310.40 mg 1 5 NH4 Cl*m" 2  applied 0.02 
and 0.02% were recovered from plate 1 and p la te 2, respective ly . On 
the K^NOg treated p lo t o f the 101.81 mg*rrf2  applied 0.19 and 0.09% 
moved through p la te  1 and p la te  2 , respective ly , fu r th e r i l lu s t r a t ­
ing the f i l t e r in g  a c t iv ity  provided by the fo re s t f lo o r  to  any move­
ment o f N out o f the system by leaching.
In comparison, the amount o f carbonaceous material co llected  in
the s o il so lu tion  was f a i r ly  la rge . I t  is  presently unknown what 
these values mean in  terms o f po ten tia l energy sources fo r  the micro­
b ia l populations in  the fo res t f lo o r .
Examination o f the so il so lu tion  thus revealed slow nitrogen
export from the system via  th is  pathway and served as a check on the 
e a r lie r  contention tha t n itrogen is  e ffe c t iv e ly  retained and cycled 
w ith in  the fo re s t f lo o r  layers.
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CONCLUSIONS AND RECOMMENDATIONS
The cold-dominated nature o f the northern boreal fo res t places 
constra in ts  on ecosystem s truc tu re  and function  th a t are e ith e r 
unique to  these systems or more strong ly developed than in  more 
temperate ecosystems. Soil temperatures are low , favoring the 
formation o f permafrost and slow fo re s t f lo o r  decomposition ra tes .
The use o f as a tra c e r fo r  n itrogen dynamics in  the fo re s t f lo o r  
has proven to  be a useful too l fo r  understanding some o f the con­
tro ls  th a t operate in  high la t itu d e  black spruce fo re s ts . A pp li­
ca tion strength at 1 0 0 % o f the ava ilab le  fo re s t f lo o r  nitrogen pool 
sizes proved best fo r  monitoring nitrogen dynamics, a t least fo r  up 
to  three years, a fte r  in troduc tion  o f the tra c e r in to  the system.
With s u f f ic ie n t ly  large natural pool s izes, however, as was the 
case on the ^NH^Cl treatment at Bonanza Creek, isotope app lica tion  
a t only 10% o f the ava ilab le  pool size was adequate to  monitor N 
dynamics fo r  the duration o f the experiment.
A th ic k  carpet o f mosses, made up p r im a rily  o f the feather moss 
species Hylocomiurn splendens and Pleurozium sch reberi, seemed to  
play a v ita l ro le  in  the nitrogen economy o f the fo re s t f lo o r  and 
hence the black spruce stand as a whole. Nitrogen intercepted by 
the mosses from atmospheric deposition (p re c ip ita t io n , leafwash, 
d u s t), or fixed  by e p ip h y tic a lly  growing blue-green algae, would be 
qu ick ly  immobilized in  the green and, to  a lesser ex ten t, in  the brown
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moss compartment and retained there in  order to  be released very 
slow ly to  the lower organic layers o f the fo re s t f lo o r  where most 
o f the vascular p lant roots are loca ted . Vascular understory 
p lan t 15N uptake was minimal and so was export v ia  the so il 
so lu tio n . The long-term storage compartment o f 15N on a u n it 
weight basis was the moss component, but the 0 2 1 + 0 2 2  la ye r, by v ir tu e  
o f i t s  large mass, contained most o f the on a u n it area basis.
The iso to p ic  tra ce r technique, thus, provided the opportun ity to  te s t 
one o f the contemporary theories o f ecosystem s tra tegy, namely tha t 
systems w il l  conserve p o te n tia lly  l im it in g  resources, such as n itrogen, 
by concentrating them and/or w ithholding them from d ilu t io n  and loss. 
Results obtained here, through la b e llin g  o f the fo re s t f lo o r  in  
conjunction w ith  tension lys im eter in s ta lla t io n  to  c o lle c t the so il 
so lu tio n , were consistent w ith  the theory.
Periodic m inera liza tion  episodes in  the fo re s t f lo o r  layers 
appeared to  have been la rg e ly  re s tr ic te d  to  the moss layers since 
ava ilab le  N pools in  the deeper fo re s t f lo o r  layers incorporated 
l i t t l e  label over the three year experimental period. M inera liza­
tio n /im m o b iliza tio n  events seemed to  have been more frequent and 
dynamic at the perm afrost-free s ite  a t Bonanza Creek than on the 
permafrost-dominated s ite  a t Washington Creek, suggesting more 
favorable conditions fo r  n itrogen transform ations, such as improved 
organic m atter q u a lity  (reduced C/N r a t io ) ,  on the warmer s ite .
The usefulness o f the data in  describ ing nitrogen dynamics 
was enhanced by using them w ith  reference to  other data (Hauck and
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Bremner, 1976) such as C/N ra tio s  as an in d ica to r o f organic matter 
q u a lity ,  seasonal fo re s t f lo o r  temperature and p re c ip ita tio n  
pa tte rns . The working hypothesis, namely th a t environmental facto rs  
contro l nitrogen transform ations, proved to  be a he lp fu l framework 
w ith in  which a b e tte r understanding could be gained o f system 
function ing  in  th is  black spruce ecosystem compartment. The reduced 
o s c il la t io n  amplitude in  nitrogen pool sizes w ith  depth from the 
green moss layer on both spruce s ite s  re flec ted  more stable tempera­
tu re  and moisture regimes at increasing depth from the green moss 
surface and, by im p lica tio n , emphasized the c o n tro llin g  influence 
o f temperature and moisture over N dynamics in  the green moss 
la y e r. The 021+022 la y e r, characterized by lower C/N ra tio s  than 
the overly ing  brown moss laye r ( 0 1 ) ,  showed permanently l i t t l e  
a c t iv it y  in  the NH4- 15N and N03- 15N pools and no a c t iv it y  ( fa ilu re  
to  incorporate lab e l) in  the SO-N pool on both perm afrost-free 
and permafrost-dominated s ite s . This would Ind ica te  temperature 
and/or moisture ra ther than organic matter as the ove rrid ing  fa c to r 
c o n tro llin g  N flow  in  lower layers o f the fo re s t f lo o r .
The hypothetico-deductive method, furtherm ore, helped to  define 
the l im its  o f the experimental approach as i t  was devised fo r th is  
study. For example, i t  was d i f f i c u l t  to  separate the e ffe c t o f 
ra in fa l l  events from th a t o f fo re s t f lo o r  temperature flu c tu a ­
tio n s  upon seasonal nitrogen dynamics, esp ec ia lly  a t the moss 
surface. The pattern was not s u f f ic ie n t ly  consisten t to  provide
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a p re d ic tive  c a p a b ility  other than the general observation tha t 
seasonally flu c tu a tin g  fo re s t f lo o r  moisture regimes appeared to  
exert a greater in fluence over N dynamics than seasonal va ria tions  
in  so il temperature. Controlled environment studies would be re­
quired to  construct response surfaces re la tin g  the e ffe c t o f 
temperature and moisture to  n itrogen transform ation processes.
The o rig in a l in te n tio n  to  express nitrogen flow  in  terms o f 
steady s ta te  f lu x  rates derived from isotope d ilu t io n  curves was 
not f u l f i l l e d .  V io la tion  o f assumptions re la ted  to  sequestering 
o f nitrogen in  the moss laye rs , uneven penetration o f the fo res t 
f lo o r  by the surface applied tra ce r and lack o f instantaneous and 
homogeneous mixing o f label w ith substrate could not be a n t ic i­
pated and precluded treatment o f the data by tra c e r k in e tic  methods.
The dominance o f NH4 -N over NO3 -N as the io n ic  form o f n itrogen 
le n t fu rth e r support to  the n u tr ie n t conservation theory and also 
pointed to  energy conservation in  the system, as espoused by 
proponents o f the theory o f in h ib it io n  o f n i t r i f ic a t io n  by la te  
successional ecosystems. C ircumstantial evidence gathered here, 
such as export on the K^N 0 3  treated p lo t a t Washington Creek 
and low enrichment le ve ls  o f the vascular (whole) p lant component, 
would support th is  conten tion ; but add itiona l inform ation re la tin g  
to  m icrobial species composition and a lle lo p a th ic  in te rac tions  
would be required i f  one were to  accept or re je c t th is  scenario
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o f ecosystem s tra tegy. Furthermore, the problem o f small nitrogen 
pools tu rn ing  over rap id ly  vs. large pools tu rn ing  over slowly 
should be addressed s p e c if ic a lly  in  fu tu re  inve s tig a tions  by 
examining N f lu x  rates ra ther than s ta t ic  pool s izes. The rapid 
m ob iliza tion  o f the isotope a fte r  in troduc tion  in to  the precursor 
pools would ind ica te  a rapid flow  rate through the ava ilab le  pools 
(p a r t ic u la r ly  NO3-N) obviating the need to  invoke a lle lo p a th ic  
in h ib it io n  o f n i t r i f ic a t io n  to  explain the small NO3 -N pool s ize.
Another possible avenue fo r  fu tu re  research could invo lve a 
refinement o f the technique employed in  th is  study in  order to  
accumulate more knowledge about these extensive ecosystems. I t  
has become c lea r th a t low leve ls  o f h igh ly  enriched isotope are 
well suited fo r  studying natural systems, but more a tten tion  should 
be given to  the inherent natural v a r ia b i l i t y  o f the fo re s t f lo o r .
The problem o f heterogeneity can be circumvented by e ith e r increased 
sampling in te n s ity , which may be p ro h ib it iv e  in  terms o f time and 
cost invo lved, or by in i t ia t in g  labora to ry experiments in  which some 
o f the va riab les , inc lud ing temperature, m oisture, and fo re s t f lo o r  
th ickness, can e ith e r be e lim inated or brought under b e tte r control 
o f the in ve s tig a to r.
Research in to  s truc tu re  and function o f in te r io r  Alaskan black 
spruce ecosystems should continue. Not only because th is  species 
occupies such a large area o f the State, but also because a more 
thorough understanding has to  be achieved as to  how inform ation
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gathered in  one region o f i t s  range can be extrapolated to  other 
s ite s  occupied by black spruce. In th is  way, an information base 
would be provided th a t could be used in  the decision making 
process leading to  sound management or treatment o f these vast 
areas o f North America.
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SUMMARY
The fo llow ing  contro ls  were hypothesized to  exert in fluence over 
15N dynamics in  the fo res t f lo o r  o f perm afrost-free and permafrost- 
dominated black spruce ecosystems in  in te r io r  Alaska: temperature, 
m oisture, and organic matter q u a lity  (C/N ra t io s ) .
The e ffe c t o f moisture was d i f f i c u l t  to  separate from tha t o f 
temperature upon N dynamics, but th e ir  jo in t  c o n tro llin g  influence 
over N transform ations on both s ite s  was demonstrated by more 
frequent seasonal m ine ra liza tion /im m ob iliza tion  events in  the green 
and brown moss layers which were subject to  greater c lim a tic  
flu c tu a tio n s  than the deeper fo re s t f lo o r  layers ( 0 2 1 +0 2 2 ) .
Improved organic matter q u a lity  (lower C/N ra t io )  on the perma­
fro s t- f re e  s ite  was conducive to  the more dynamic nature o f N trans­
form ations, as indicated by higher seasonal frequency and amplitude 
o f ava ilab le  pool size o s c il la t io n  compared to  the permafrost- 
dominated s ite .  This find ing  would be consistent w ith ava ilab le  
inform ation on the two black spruce s ite s , the perm afrost-free s ite  
being characterized by higher above ground tree  biomass and pro­
duction and lower fo res t f lo o r  depth than the perm afrost-free s ite .
The fea ther moss layer acted as a f i l t e r in g  agent, slowing down­
ward movement o f the isotope in to  the 0 2 1 + 0 2 2  laye r where most o f the 
vascular p lan t roots were loca ted . Nitrogen export v ia  the so il 
so lu tion  was minimal, as was vascular p lant uptake. The fo re s t 
f lo o r ,  thus, acted as a n u tr ie n t sink conserving a scarce resource.
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